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Abstract 
Glaucoma is one of the major causes of avoidable blindness worldwide, and for 
preventing irreversible glaucomatous damage, early diagnosis is required but remains 
a challenge despite the availability of established ophthalmic tests. The dark-adapted 
post-illumination pupil response (PIPR), which is entirely driven by intrinsically 
photosensitive melanopsin retinal ganglion cells (ipRGCs), is affected in late 
glaucoma; however the potential of this test in early glaucoma detection is unclear. 
Currently, there is no consensus on the pupillometry stimulus paradigms and metrics 
to quantify the PIPR, and the effect of confounders such as age and refractive error 
on the PIPR is not well understood. The primary outcomes of this thesis aim to 
optimise the pupillometry protocols and metrics for the clinical assessment of the 
PIPR, examine the effect of age and refractive error on the PIPR, and determine the 
potential of the PIPR test to detect melanopsin dysfunction in glaucoma suspects and 
early glaucoma. Secondary outcomes consider the quantification of the pupil light 
reflex (PLR) during light stimulation in response to various stimulus conditions, the 
examination of the effect of age and refractive error on the PLR, and the 
characterisation of the relationship among the PLR and PIPR, sleep quality, and 
single nucleotide polymorphism (SNPs) of the melanopsin (OPN4) gene in 
glaucoma.  
 
In Experiment 1 (Chapter 4), the PIPR was measured in healthy participants across a 
range of stimulus irradiances (9.8 to 14.8 log quanta.cm
-2
.s
-1
), wavelengths (409 nm 
to 658 nm), and durations (1 s, 10 s, and 30 s), and quantified with all current metrics 
(redilation velocity, 6 s, plateau, area under curve early and late recovery) to 
determine the optimal stimulus protocol for measuring the dark-adapted PIPR. The 
PIPR amplitude measured with all metrics matched the vitamin A1 photopigment 
spectral nomogram (peak at 482 nm), substantiating that ipRGCs solely control this 
response. A short duration (1 s), high irradiance (> 11.0 log quanta.cm
-2
.s
-1
), short 
wavelength (~ 482 nm) light pulse produced the largest PIPR amplitudes; the 6 s and 
plateau PIPR metrics showed the lowest intra- and inter-individual coefficient of 
variation; therefore these paradigms and metrics can be used to develop the optimum 
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pupillometry protocols for the clinical assessment of ipRGC function. In Experiment 
2 (Chapter 5), the PLR and PIPR were measured in 59 healthy participants with ages 
ranging from 20 to 70 years and refractive errors ranging from +3.00 to -9.25 
Dioptres; the results demonstrated that the PLR and PIPR are independent of age and 
refractive error.   
 
In Experiment 3 (Chapter 6), the newly optimised pupillometric paradigms and 
metrics from Experiment 1 were applied and quadrant field stimulation 
corresponding with typical glaucomatous arcuate visual field defects was used to 
measure the PLR and PIPR in 67 glaucoma suspects, patients, and healthy controls. 
The superonasal field PIPR was significantly reduced in glaucoma suspects 
(Receiver operating characteristic area under curve (AUC) = 0.74) and early 
glaucoma patients (AUC = 0.94) indicating that quadratic field stimulation 
pupillometry provides a non-invasive and objective clinical tool for the early 
detection of melanopsin ipRGC dysfunction in glaucoma. The PIPR amplitude 
showed a non-linear relationship with visual field mean deviation and a positive 
linear relationship with retinal nerve fibre layer thickness. The transient PLR to long 
wavelength stimuli was significantly reduced in late glaucoma patients. Normal sleep 
patterns were observed in glaucoma patients. There was no relationship among the 
PLR and PIPR amplitudes, sleep quality, and the alleles of the OPN4 gene SNPs 
P10L and I394T.  
 
In conclusion, this thesis optimised the pupillometric measurement protocols to 
produce the largest PIPR amplitudes, determined the pupil metrics that show the 
lowest variability for the clinical assessment of ipRGC function, ruled out the 
confounding effect of age and refractive error on the ipRGC-mediated PIPR, and 
provided the initial observation that the novel and optimised quadratic pupillometry 
paradigms have the ability to detect pre-perimetric ipRGC dysfunction in glaucoma 
suspects and to provide a functional correlate of structural defects in glaucoma.    
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 Chapter 1: Introduction 1 
Chapter 1: Introduction 
The pupil light reflex (PLR) is a fundamental diagnostic tool to assess retinal and 
optic nerve function in neuro-ophthalmic disorders (Loewenfeld, 1999). The pupil 
control pathway receives inputs from conventional outer retinal rod and cone 
photoreceptors and the recently discovered inner retinal photoreceptors called 
intrinsically photosensitive retinal ganglion cells (ipRGCs) (Berson, Dunn, & Takao, 
2002; Provencio, Rodriguez, Jiang, Hayes, Moreira, & Rollag, 2000). These novel 
photoreceptors represent a small subset (~ 0.2%, 3,000 per eye) of all retinal 
ganglion cells (RGCs) in primates including humans, express the photopigment 
melanopsin to drive their intrinsic photoresponse, and receive extrinsic rod and cone 
inputs (Dacey, Liao, Peterson, Robinson, Smith, Pokorny, Yau, & Gamlin, 2005; 
Schmidt, Chen, & Hattar, 2011a). Spectral sensitivity data from humans and 
macaques demonstrate that ipRGCs entirely drive the dark-adapted post-illumination 
pupil response (PIPR), the sustained pupilloconstriction after light offset (Feigl & 
Zele, 2014; Gamlin, McDougal, Pokorny, Smith, Yau, & Dacey, 2007; Herbst, 
Sander, Milea, Lund-Andersen, & Kawasaki, 2011; Kardon, Anderson, Damarjian, 
Grace, Stone, & Kawasaki, 2009, 2011; Kawasaki & Kardon, 2007; Markwell, Feigl, 
& Zele, 2010; Nissen, Sander, Milea, Kolko, Herbst, Hamard, & Lund-Andersen, 
2014; Park & McAnany, 2015; Park, Moura, Raza, Rhee, Kardon, & Hood, 2011). 
This thesis explores the dark-adapted PIPR as a biomarker of human melanopsin 
function. 
 
The melanopsin-mediated PIPR is dysfunctional in retinal and optic nerve diseases 
including glaucoma (Feigl, Mattes, Thomas, & Zele, 2011b; Gracitelli, Duque-Chica, 
Roizenblatt, de Araújo Moura, Nagy, de Melo, Borba, Teixeira, Tufik, & Ventura, 
2015; Kankipati, Girkin, & Gamlin, 2011; Nissen et al., 2014), diabetes (Feigl, Zele, 
Fader, Howes, Hughes, Jones, & Jones, 2012b), anterior ischaemic optic neuropathy 
(Kardon et al., 2009; Tsika, Crippa, & Kawasaki, 2015), and age-related macular 
degeneration (Feigl et al., 2014; Maynard, Zele, & Feigl, 2015) as well as in 
circadian disorders (Roecklein, Wong, Franzen, Hasler, Wood-Vasey, Nimgaonkar, 
Miller, Kepreos, Ferrell, & Manuck, 2012). A wide range of stimulus durations, 
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irradiances, and wavelengths (Table 2.1) has been used to measure the PLR during 
light stimulation and the PIPR after light offset, and different metrics have been 
applied to quantify the responses, but there is no consensus as to which paradigms 
and metrics should be used in a clinical setting in particular with regards to the PIPR. 
Markwell et al. (2010), Feigl et al. (2011b), and Kankipati et al. (2010) quantified the 
plateau PIPR  amplitude metric over a period of 30 s after light offset (pupil metrics 
are shown in Fig. 1.1 and described in Chapter 2). Herbst et al. (2011) measured the 
area under curve (AUC) during two time periods (early and late) and Park et al. 
(2011) used a pre-defined pupil size at 6 s after light offset. Zele et al. (2011) and 
Feigl et al. (2011b) also assessed the pupil redilation velocity after light offset. The 
first series of experiments (Experiment 1) aim to measure the amplitude and kinetics 
of the PLR during light stimulation and the PIPR after light offset as a function of a 
range of stimulus durations, wavelengths, and irradiances using all current metrics to 
determine the pupillometric paradigms that produce the largest PIPR amplitudes and 
the metrics with lowest variability to optimise the method for clinical applications.  
      
Figure 1.1. Pupil analysis metrics 
The pupil response (blue trace) during light stimulation (PLR) and after offset (PIPR) to a 10 s, 448 
nm, 14.5 log quanta.cm
-2
.s
-1
 stimulus. The metrics used to quantify the PLR (PLR latency, transient 
PLR, constriction velocity, and peak constriction) and the PIPR (redilation velocity, 6 s, plateau, AUC 
early, and AUC late) are indicated on the trace. PLR = pupil light reflex; PRE = pre-stimulus duration; 
AUC = area under curve. 
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The spectral sensitivity of the dark-adapted PIPR has been determined for only one 
metric, the plateau PIPR in response to 10 s light pulses (Feigl et al., 2014; Gamlin et 
al., 2007; Markwell et al., 2010), and thus Experiment 1 also aims to determine the 
spectral sensitivity of the photoreceptor inputs contributing to the other PIPR metrics 
namely the 6 s PIPR, AUC early, and AUC late recovery. Physiological recordings 
show that ipRGCs can signal for continuous light stimulation up to 10 hours at an 
irradiance of 12.5 log quanta.cm
-2
.s
-1
 (Wong, 2012), but the duration of the PIPR is 
not known in humans. A new metric, the PIPR duration is introduced to define the 
time taken by the pupil to return to the baseline after light offset. This has 
implications for the readaptation period between test repeats and provides a 
recommendation for the dark-adapted time interval between pupil testing sequences. 
Experiment 1 shows that the spectral sensitivity of the PIPR measured with all 
current metrics follows the melanopsin nomogram (peak at 482 nm) confirming that 
the dark-adapted PIPR is entirely driven by ipRGCs. A short wavelength 1 s light 
pulse with irradiance above melanopsin threshold is the optimum pupillometry 
paradigm with the plateau and 6 s PIPR being the optimum clinical metrics because 
this paradigm produces the largest PIPR amplitudes compared to longer stimulus 
durations (10 s and 30 s) and produces the lowest variability, respectively. 
Experiment 1 also presents a detailed evaluation of the effect of stimulus wavelength, 
irradiance, and duration on all current metrics that quantify the amplitude and 
kinetics of the PLR during light stimulation as a secondary outcome.  
 
Healthy ageing affects anatomical and physiological characteristics of retinal 
photoreceptors (Curcio, Millican, Allen, & Kalina, 1993b) and ganglion cells (Curcio 
& Drucker, 1993a) leading to the deterioration of retinal functions such as contrast 
sensitivity (Arden & Jacobson, 1978), visual field sensitivity (Spry & Johnson, 
2001), and dark adaptation (Jackson, Owsley, & McGwin, 1999). The effect of 
healthy ageing on the ipRGC-mediated PIPR needs to be understood before 
pupillometry for the PIPR measurement can be translated to clinical practice to 
differentiate between healthy and diseased eyes. There are two conflicting reports on 
the effect of age on the PIPR. Kankipati et al. (2010) showed that the PIPR is 
independent of age using the plateau PIPR metric. Herbst et al. (2012) showed that 
the PIPR amplitude is enhanced with ageing using the AUC metric and attributed this 
enhancement to increased age-related lenticular light scattering that stimulates more 
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ipRGC axonal collaterals. The primary aim of Experiment 2 is to determine the 
effect of healthy ageing on the dark-adapted PIPR using all current metrics. The 
secondary aim of Experiment 2 is to determine the effect of refractive error on the 
PIPR. Outdoor light exposure during childhood has been proposed to be protective 
against myopia development (Rose, Morgan, Ip, Kifley, Huynh, Smith, & Mitchell, 
2008). Likewise, elevated ambient light has been shown to slow down the 
development of refractive error in animal models of myopia (Siegwart Jr, Ward, & 
Norton, 2012; Smith III, Hung, & Huang, 2012). Thus, it has been suggested that 
ipRGC signalling can stimulate the secretion of retinal dopamine (Norton & 
Siegwart, 2013; Phillips, Collins, & Backhouse, 2012), which has been proposed to 
have antimyopiagenic effects in animals (Iuvone, Tigges, Stone, Lambert, & Laties, 
1991; Junfeng, Shuangzhen, Wenjuan, Fengyun, Xiaoying, & Qian, 2010; Nickla, 
Totonelly, & Dhillon, 2010; Rohrer, Spira, & Stell, 1993; Stone, Lin, Laties, & 
Iuvone, 1989). However, it is not known if refractive error status is associated with 
human ipRGC function quantified with the PIPR. The results of Experiment 2 show 
that the PIPR amplitude measured with all current metrics is independent of age and 
refractive error. A secondary outcome of Experiment 2 determined that there is no 
effect of age and refractive error on the metrics that quantify the PLR amplitude 
during light stimulation, the transient PLR and peak pupil constriction that measure 
the contribution of all photoreceptor classes to the PLR depending on stimulus 
properties and light adaptation (Kardon et al., 2009; McDougal & Gamlin, 2010). 
 
Having determined optimum pupil paradigms and analysis metrics (Experiment 1) 
and demonstrated that there are no potential confounding factors from age or 
refractive errors on the PIPR (Experiment 2), these findings are used to develop a 
clinical paradigm for the early detection of patients at risk for developing glaucoma 
(Experiment 3). Glaucoma is a major cause of irreversible blindness worldwide 
(Quigley & Broman, 2006) but in the early stages of this potentially blinding disease, 
vision is not affected and patients are unaware of the potential changes in vision. 
Early detection has remained a challenge with current clinical tools such as standard 
automated perimetry (SAP) having low sensitivity to the disease. Recently, the 
significance
 
of the PIPR measurement in differentiating advanced glaucoma from 
healthy eyes through chromatic pupillometry has been identified (Feigl et al., 2011b; 
Gracitelli et al., 2015; Kankipati et al., 2011; Nissen et al., 2014), but its use for early 
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diagnosis of glaucoma remains to be determined. The primary aim of Experiment 3 
is to develop a new pupillometric paradigm to detect melanopsin dysfunction in 
glaucoma suspects and differentiate patients with manifest glaucoma from healthy 
eyes. Experiment 3 shows that a new quadratic field stimulation pupillometry 
paradigm corresponding to retinal nerve fibre layer (RNFL) defects in glaucoma can 
detect melanopsin dysfunction in glaucoma suspects and early glaucoma patients, 
with excellent diagnostic accuracy in the latter. Experiment 3 also presents the initial 
pupillometric detection of outer retinal deficits in late glaucoma patients. 
 
The photic information that ipRGCs signal to the suprachiasmatic nucleus (SCN) 
(Moore, Speh, & Patrick Card, 1995) serves to synchronise internal circadian 
rhythms to the external illumination cycle (Czeisler, Allan, Strogatz, Ronda, 
Sanchez, Rios, Freitag, Richardson, & Kronauer, 1986; Inouye & Kawamura, 1979). 
The PIPR amplitude shows circadian variation independent of the external 
illumination and therefore can be used as a marker of the central circadian clock 
(Münch, Leon, Crippa, & Kawasaki, 2012; Zele et al., 2011). Glaucoma patients can 
exhibit sleep disorders; (Lanzani, de Zavalia, Fontana, Sarmiento, Golombek, & 
Rosenstein, 2012; Onen, Mouriaux, Berramdane, Dascotte, Kulik, & Rouland, 2000; 
Pérez-Rico, de la Villa, Arribas-Gómez, & Blanco, 2010) and a preliminary report 
suggests that these disorders are associated with ipRGC dysfunction (Gracitelli et al., 
2015). On the other hand, the single nucleotide polymorphisms (SNPs) within the 
melanopsin gene (OPN4) have been shown to interact with sleep-wake behaviour in 
a healthy sample with no circadian disorders (P10L, rs2675703) (Roecklein et al., 
2012) and the PLR and PIPR (I394T, rs1079610) (Higuchi, Hida, Tsujimura, 
Mishima, Yasukouchi, Lee, Kinjyo, & Miyahira, 2013; Lee, Hida, Tsujimura, 
Morita, Mishima, & Higuchi, 2013; Roecklein, Wong, Ernecoff, Miller, Donofry, 
Kamarck, Wood-Vasey, & Franzen, 2013), however it is not clear if these SNPs are 
associated with ipRGC dysfunction and sleep disorders in glaucoma. Thus, the 
secondary aim of Experiment 3 is to determine the relationship of the PLR and PIPR 
dysfunction with sleep quality and the melanopsin gene (OPN4) SNPs in different 
severity stages of glaucoma. Our glaucoma patients showed normal sleep patterns 
and no relationship was observed among the OPN4 SNPs, sleep quality and the PLR 
and PIPR amplitudes. 
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Since the pupil is a readily accessible marker of outer and inner retinal function ((Alpern 
& Campbell, 1962; Bouma, 1962; Campbell & Alpern, 1962; Gamlin et al., 2007); for 
review: (Feigl et al., 2014; Kawasaki et al., 2007; Münch & Kawasaki, 2013)) and can 
be objectively measured using non-invasive techniques, the PLR is appealing to 
clinicians for diagnosing and monitoring progression of retinal and optic nerve diseases 
(Münch et al., 2013). This chapter critically reviews the literature on the pupil light 
reflex (PLR), inner and outer retinal photoreceptor contributions to this reflex with the 
primary focus on intrinsically photosensitive retinal ganglion cells (ipRGCs), effect of 
light stimulus properties on the PLR, and the development of clinical pupillometry 
protocols to assess ipRGC function in healthy and diseased eyes. Research gaps are 
identified and the chapter concludes with the rationale, aims, and hypotheses of this 
thesis. 
 
 
2.1 THE PUPIL LIGHT REFLEX 
The PLR regulates the pupil diameter in response to the retinal light stimulation to 
optimise visual perception by increasing depth of focus (Charman & Whitefoot, 1977), 
reducing optical aberrations (Wang, Zhao, Jin, Niu, & Zuo, 2003), and controlling 
retinal illumination (McDougal & Gamlin, 2008; Troland, 1915). When the retina of any 
eye is illuminated, both pupils show a simultaneous constriction; the reflex of the 
illuminated eye is the direct response and the reflex of the contralateral non-stimulated 
eye is the consensual response (Figure 2.1). 
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Figure 2.1. The pupil light reflex  
The direct pupil light reflex (PLR) in the light stimulated left eye (solid trace) and the consensual PLR in 
the contralateral right eye (dashed trace) to 1 s white light stimulus (filled blocks). The reflex of the left 
eye is the same as the right eye, but is vertically offset. Reproduced with permission from Thompson 
(1966). 
 
The pupil control pathway is mediated by the autonomic nervous system via 
parasympathetic neurons innervating the sphincter pupillae and sympathetic neurons 
innervating the dilator pupillae muscles of the iris. The afferent pupil control pathway 
originates in the retinal photoreceptors, which send the afferent pupillary fibres to the 
retinal ganglion cells (RGCs) (Fig. 2.2). The RGC axons form the optic nerve which 
decussates in the optic chiasm and continues to the midbrain via the optic tract. The 
afferent pupillary fibres travelling through the optic tract continue to the pretectal 
olivary nuclei (OPN). The fibres arising from the OPN pass to the Edinger-Westphal 
nuclei (EWN) of the oculomotor nuclear complex on both sides; the EWN is the origin 
of the efferent autonomic PLR pathway. The axons of the parasympathetic preganglionic 
neurons in the EWN travel within the inferior division of the oculomotor nerve (cranial 
nerve III) that synapses in the ciliary ganglion, which forms the postganglionic 
parasympathetic pupilloconstrictor short ciliary nerve fibres that innervate the sphincter 
pupillae muscles to constrict the pupil (Loewenfeld, 1999; McDougal et al., 2008). 
 
The pupil response after the removal of a light stimulus is driven by both 
parasympathetic relaxation and sympathetic dark reflex activation. The preganglionic 
sympathetic neurons arise from the ciliospinal centre (that gets signals from the OPN) in 
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the cervicothoracic spinal cord and synapse at the superior cervical ganglion (Fig. 2.2). 
The postganglionic sympathetic pupillodilator fibres travel through the neck to the orbit 
and then via the long posterior ciliary nerves to the iris dilator muscles (McDougal et al., 
2008). In the dark, the autonomic parasympathetic preganglionic neurons do not receive 
sensory signals from the optic pathways and so the sphincter pupillae muscles relax 
causing the pupil to dilate. At the same time, the preganglionic sympathetic neurons are 
released from the influence of light and increase firing causing contraction of the dilator 
pupillae muscles to dilate the pupil (Loewenfeld, 1999). 
 
The effect of stimulus properties including wavelength, irradiance and duration on the 
pupil constriction during light stimulation and dilation after light offset is discussed in 
detail in Section 2.3. Apart from the pupil constriction and dilation with light onset and 
offset, the pupil shows reflexes in the dark, during near-vision tasks, and with 
psychosensory stimulation (Loewenfeld, 1999). The pupils show oscillations up to ~ 0.5 
mm in darkness with pulse rate and respiration (Loewenfeld, 1999), and also due to 
supranuclear influences that reflect an individual’s state of alertness, fatigue or 
sleepiness (Kardon, 1998). In addition to the miosis with convergence, the infranuclear 
influences such as extraocular movements can produce small miosis (0.05% to 5.43%) 
(Tournay, 1921). All these reflexes have been studied in detail in the past and therefore 
are beyond the scope of this thesis. 
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Figure 2.2. The pupil light reflex pathway 
The pupil light reflex control pathway mediated by autonomic parasympathetic and sympathetic 
innervations through the sphincter and dilator papillae muscles. The sensory pupillary fibres start from the 
retinal photoreceptors and ganglion cells and reach the pretectal olivary nuclei (OPN), which supply the 
bilateral Edinger-Westphal nuclei (EWN). The parasympathetic pupilloconstrictor fibres originating from 
the EWN innervate the sphincter pupillae muscles. The sympathetic pupillodilator fibres originate from 
the ciliospinal centre and innervate the dilator pupillae muscles. Reproduced with permission from 
McDougal & Gamlin (2008).  
 
The discovery of inner retinal melanopsin expressing intrinsically photosensitive retinal 
ganglion cells (ipRGCs) has changed the conventional concept of the existence of only 
two photoreceptor classes (rods and cones), and the understanding of photoreceptor 
contributions to image forming and non-imaging forming visual functions (for review, 
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Feigl & Zele (2014)). It has been determined that the PLR regulation pathway originates 
in outer retinal rods and cones along with inner retinal ipRGCs (Berson et al., 2002; 
Chen, Badea, & Hattar, 2011; Güler, Ecker, Lall, Haq, Altimus, Liao, Barnard, Cahill, 
Badea, & Zhao, 2008; Hattar, Liao, Takao, Berson, & Yau, 2002). The primary focus of 
this thesis is to understand the contribution of ipRGCs to the PLR in healthy and 
diseased (glaucomatous) eyes. Before exploring the control of the PLR by outer and 
inner retinal photoreceptors, the anatomical and physiological properties of ipRGCs are 
discussed in Section 2.2. 
 
 
2.2 INTRINSICALLY PHOTOSENSITIVE RETINAL GANGLION CELLS: 
ANATOMICAL DISTRIBUTION, SUBTYPES, AND PROJECTIONS 
The primary function of the eye is to provide light input signals to the visual cortex for 
image formation, which is initiated by outer retinal photoreceptors, rods and cones. In 
addition, the eye contributes to several equally important non-image forming functions 
that are light dependent (Foster, Provencio, Hudson, Fiske, De Grip, & Menaker, 1991; 
Moore & Lenn, 1972; Takahashi, DeCoursey, Bauman, & Menaker, 1984) including the 
pupil light reflex and circadian photoentrainment (Cajochen, Münch, Kobialka, Kräuchi, 
Steiner, Oelhafen, Orgül, & Wirz-Justice, 2005; Czeisler et al., 1986; Foster, 1998; 
Lewy, 1980; Lucas, Douglas, & Foster, 2001; Moore et al., 1972; Takahashi et al., 
1984). Non-visual light detection occurs primarily in recently discovered ipRGCs which 
express the melanopsin photopigment with a peak spectral sensitivity at ~ 482 nm 
(Berson et al., 2002; Dacey et al., 2005; Gamlin et al., 2007; Hattar et al., 2002; 
Provencio, Jiang, Willem, Hayes, & Rollag, 1998; Provencio et al., 2000; Ruby, 
Brennan, Xie, Cao, Franken, Heller, & O'Hara, 2002); the peak sensitivity is in the 
region of the visual spectrum that appears bluish. 
 
The ipRGCs are morphologically distinguished by their extremely large dendritic trees 
when compared to midget and parasol ganglion cells (Dacey et al., 2005). The somas of 
more than 95% of ipRGCs are located in the ganglion cell layer (GCL), with the 
remaining ipRGCs having their somas displaced to the inner nuclear layer (INL); and 
their dendritic trees are distributed along the sublayers of the inner plexiform layer 
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(IPL). The ipRGCs receive extrinsic rod and cone inputs via their synaptic connections 
with bipolar cells (Grünert, Jusuf, Lee, & Nguyen, 2011; Jusuf, Lee, & Grünert, 2004; 
Jusuf, Lee, Hannibal, & Grünert, 2007), whose nuclei lie in the INL (Dacey et al., 2005; 
Göz, Studholme, Lappi, Rollag, Provencio, & Morin, 2008; Güler et al., 2008; Hatori, 
Le, Vollmers, Keding, Tanaka, Schmedt, Jegla, & Panda, 2008; Pickard, Baver, Ogilvie, 
& Sollars, 2009; Schmidt, Taniguchi, & Kofuji, 2008; Wong, Dunn, Graham, & Berson, 
2007). The long, sparsely branching dendritic processes of ipRGCs extend into the inner 
and outer sublayers of the IPL (Fig. 2.3) where they interconnect and form a bilayered 
anatomic syncytium that spirals around the foveal pit (Provencio et al., 2002). 
       
 
Figure 2.3. Five ipRGC subtypes (M1, M2, M3, M4, and M5) and their projections 
See text for details. 
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The morphological classification of ipRGCs is based on soma size and distribution of 
dendrites. At least five subtypes of ipRGCs have been identified in transgenic mouse 
models; M1, M2, M3, M4, and M5 cells (Sand, Schmidt, & Kofuji, 2012; Schmidt, Do, 
Dacey, Lucas, Hattar, & Matynia, 2011b) (for review, Feigl & Zele (2014)). The M1 
cells are most numerous among all five subtypes; the M1 and M2 cells constitute the 
majority of ipRGCs (between 74% – 90%). The M1 cells have the smallest soma and 
largest dendritic projections that stratify in the outermost sub-layer of the IPL (Berson et 
al., 2002; Provencio, Rollag, & Castrucci, 2002). The M2 cells stratify their dendrites in 
the innermost sublayer of the IPL. Unlike M1 and M2 cells, the M3 cells have their 
dendritic processes bistratified into both the inner and outer sublayers of the IPL. The 
M4 and M5 cells are the most recently identified subtypes (Schmidt & Kofuji, 2009). 
The M4 cells have larger soma (diameter: 21 µm), longer dendrites (total length: 4751 
µm), and their dendrites have more branching (field diameter: 360 µm) than M1 (soma 
diameter: 16 µm; total dendritic length: 2957 µm; dendritic-field diameter: 317 µm) and 
M2 cells (soma diameter: 14 µm; total dendritic length: 1605 µm; dendritic-field 
diameter: 290 µm) (Estevez, Fogerson, Ilardi, Borghuis, Chan, Weng, Auferkorte, 
Demb, & Berson, 2012).  
 
The suprachiasmatic nucleus (SCN) in the anterior hypothalamus is the master circadian 
pacemaker that regulates an endogenous physiological and behavioural rhythm with the 
environmental 24-hour light/dark cycle (Czeisler & Klerman, 1999; Gachon, Nagoshi, 
Brown, Ripperger, & Schibler, 2004; Hannibal & Fahrenkrug, 2006) including 
melatonin secretion (Gachon et al., 2004). Circadian photoentrainment is functional in 
the absence of rods and cones, indicating that ipRGCs mediate entrainment of the light 
signal (Freedman, Lucas, Soni, von Schantz, Muñoz, David-Gray, & Foster, 1999). 
Sufficient well-timed light exposure and functioning ipRGCs are essential for entraining 
the SCN function (Czeisler, 1995; Hofman, Boer, Holtmaat, Van Someren, Verhaagen, 
& Swaab, 2002; Lucassen, Hofman, & Swaab, 1995; Meijer, Watanabe, Schaap, Albus, 
& Détári, 1998; Mutoh, Shibata, Korf, & Okamura, 2003) to align circadian rhythm. The 
ipRGC-mediated PIPR also undergoes circadian variation with minimum PIPR 
amplitude occurring at 1.31 hours after melatonin onset, with the SCN being primarily 
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responsible for mediating this variation (Zele et al., 2011). In rats, the SCN receives 
75% – 90% of projections from ipRGCs for photoentrainment (Gooley, Lu, Chou, 
Scammell, & Saper, 2001; Morin, Blanchard, & Provencio, 2003; Sollars, Smeraski, 
Kaufman, Ogilvie, Provencio, & Pickard, 2003). It is estimated that two-thirds of 
ipRGCs project to the SCN and contralateral pretectal area, and one-fifth project to the 
ipsilateral intergeniculate leaflet, that further projects to the SCN (Gooley et al., 2001). 
The SCN and the shell of the olivary pretectal nucleus (OPN) predominantly receive 
input from the M1 ipRGCs. About 70% of the M1 cells project to the shell of the OPN 
and the intergeniculate leaflet (IGL); and 30% of them project to the SCN. Neurons from 
the OPN shell innervate the Edinger-Westphal nucleus (EWN), the start of the efferent 
pupil pathway (Berson et al., 2002; Ecker, Dumitrescu, Wong, Alam, Chen, LeGates, 
Renna, Prusky, Berson, & Hattar, 2010; Güler et al., 2008; Hatori et al., 2008; Hattar et 
al., 2002; Ruby et al., 2002; Schmidt et al., 2011a; Schmidt et al., 2011b). The 
projections of M3 cells are still not clear. Almost all of the M2, M4, and M5 cells 
project to the OPN core, lateral geniculate nucleus (LGN), and superior colliculus (SC). 
Most of the M4 cells project to the dorsal LGN. The LGN is the relay to the vision 
forming pathway (Chen et al., 2011; Dacey et al., 2005). In primates, two distinct 
ipRGC subtypes (M1, 60% and M2, 40%) have been identified (Dacey, Peterson, Liao, 
& Yau, 2006; Dacey et al., 2005; Jusuf et al., 2007) and project to the OPN as well as 
LGN (Dacey et al., 2005; Dacey, Peterson, Robinson, & Gamlin, 2003). 
 
 
2.3 EFFECT OF STIMULUS PROPERTIES ON THE PUPIL LIGHT REFLEX 
DRIVEN BY OUTER AND INNER RETINA 
Open-loop and closed-loop stimulus paradigms can be used to control the retinal 
irradiance for pupillometry (Table 2.1). An open-loop paradigm is controlled with a 
Maxwellian view optical system, where the stimulus is focused in the plane of the pupil 
and the retinal irradiance is not affected by variation in pupil size during light 
stimulation (Loewenfeld, 1999). A paradigm is called closed-loop when the stimulated 
eye is not dilated and the optical system is a Newtonian view, where diverging rather 
than focused rays are incident on the pupil plane (Westheimer, 1966). In a closed-loop 
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paradigm, the stimulated pupil changes size during light presentation altering the retinal 
irradiance (Miller & Thompson, 1978; Park et al., 2011; Troland, 1915) and thus pupil 
dilation is required to maintain the same pupil size and retinal irradiance during light 
presentation. In this research project, two pilot studies were conducted to measure the 
difference in the PLR and PIPR between undilated and dilated pupil with an open-loop 
Maxwellian pupillometer and a closed-loop Newtonian view pupillometer so as to 
determine if the stimulated pupil dilation is required for pupillometry in a clinical setting 
(Experiment 1 and 2).  
 
Given that afferent pupillomotor signals relayed to the OPN originate from outer retinal 
rods and cones and inner retinal ipRGCs (Dacey et al., 2005; Gamlin et al., 2007; Lucas, 
Hattar, Takao, Berson, Foster, & Yau, 2003; McDougal et al., 2010), there has been 
significant interest in developing pupillometry protocols to quantify outer and inner 
retinal contributions. Different protocols comprising a range of stimulus wavelengths, 
irradiances, and durations have been used to measure the PLR; the protocols used in 
previous studies are summarised in Table 2.1. 
 
The effect of stimulus irradiance on the pupil light reflex is among the most widely 
studied area in the pupil literature (Loewenfeld, 1999). Early studies used daylight for 
measuring the effect of light level on the PLR; the development of artificial lighting 
improved the control of the light stimulus and infrared (IR) cameras increased the 
accuracy of the measurement of the iris dynamics. The latest technology for generating 
light stimuli includes narrowband light emitting diodes (LEDs) that can be used to study 
inner and outer retinal photoreceptor contributions to the PLR (Barrionuevo, Nicandro, 
McAnany, Zele, Gamlin, & Cao, 2014). The effect of stimulus irradiance along with 
stimulus wavelength and duration on the PLR during light stimulation and the PIPR after 
light offset measured with all current pupil metrics is discussed in Section 2.3.1 and 
2.3.2. 
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Table 2.1. Protocols used by different researchers to measure the pupil light reflex and physiological responses of the 
photoreceptors 
Author Subje
ct 
Irradiance 
(log quanta.cm-2.s-
1) & 
Wavelength (ƛ) 
Pre-
stimulus 
Period 
Stimulus 
Period 
(Stimulus 
Size) 
Post-
stimulus 
Period 
Dilation Open-loop 
or 
Closed-loop 
Ipsilateral 
or 
Contralateral 
PLR & PIPR Metrics 
Gamlin et al., 
2007 
H 
A 
(macaqu
e) 
8.5 – 15.7  
log quanta.cm-2.s-1 
(430 – 613 nm) 
5 s 10 s 
(36º) 
30 s 1% Tropicamide 
/2.5% 
Phenylephrine 
Open-loop Contralateral Plateau PIPR 
Kardon et al., 
2009, 2011 
H 1 – 100 cd.m-2 
(467, 640 nm) 
 
5 s 13 s 
(Ganzfeld) 
30 s No Closed-loop Ipsilateral Transient & Sustained response 
McDougal et al., 
2010 
H 9.5 – 15.0 
log quanta.cm-2.s-1 
(450 – 650 nm) 
5 s 1 –  
100 s 
(36º) 
None 1% Tropicamide Open-loop Contralateral Criterion response 
(½ & ¾  Maximum constriction) 
Kankipati et al., 
2010, 2011 
H 13.0  
log quanta.cm-2.s-1 
(470, 623 nm) 
20 s 10 s 
(30º) 
30s  1% Tropicamide 
/2.5% 
Phenylephrine 
Open-loop Contralateral Plateau PIPR 
 
Tsujimura et al., 
2010 
H 13.7  
log quanta.cm-2.s-1 
(470, 500, 525, 
615 nm) 
5 min 10 min 
(20º) 
None No Closed-loop Ipsilateral Constriction amplitude 
Markwell et al., 
2010 
H 10.1, 12.2, 14.2 
log quanta.cm-2.s-1 
(488, 610 nm) 
10 s 10 s 
(7.1 º) 
35 s 1%  
Cyclopentolate 
Open-loop Contralateral Latency,  
Amplitude, Plateau PIPR 
Park et al., 2011 H 11.0 – 14.0   
log quanta.cm-2.s-1 
(467, 640 nm) 
1 s 4 ms – 10 s 
(Ganzfeld) 
20 - 30 s No Closed-loop Ipsilateral Constriction amplitude, 
6 s PIPR 
Feigl et al., 2011, 
2012 
H 14.2 
log quanta.cm-2.s-1 
(488, 610 nm) 
10 s 10 s 
(7.15º) 
30 s 1%  
Cyclopentolate 
Open-loop Contralateral Latency, Constriction & Redilation 
velocity, Plateau PIPR 
Tsujimura et al., 
2011 
H 13.8 
log quanta.cm-2.s-1 
(468, 524, 599, 
633 nm) 
1 s 2 s 
(23º) 
5 s No Closed-loop Ipsilateral Latency, 
Constriction amplitude 
Zele et al., 2011 H 14.2 
log quanta.cm-2.s-1 
(488, 610 nm) 
10 s 10 s 
(7.15º) 
35 s 1%  
Cyclopentolate 
 
Open-loop Contralateral Constriction amplitude, 
Plateau PIPR 
Herbst et al., 
2011, 2012, 2013 
H 14.8  
log quanta.cm-2.s-1 
(470 nm), 
14.9 
log quanta.cm-2.s-1 
(660 nm) 
10 s 20 s 
(Diffuse) 
1 min No Closed-loop Contralateral Constriction amplitude, Sustained 
response, 
AUC Early & Late recovery 
Münch et al., 
2012 
H 14.0 
log quanta.cm-2.s-1 
(463, 635 nm) 
60 s 1, 30 s 
(Ganzfeld) 
60 s No Closed-loop Ipsilateral 6s PIPR 
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Nissen et al., 
2012, 2014 
H 14.8  
log quanta.cm-2.s-1 
(470 nm), 
14.9 
log quanta.cm-2.s-1 
(660 nm) 
10 s 20 s 50 s No Closed-loop Contralateral 
 
AUC during light stimulation, AUC 
Early & Late recovery post-
illumination 
Chang et al., 
2013 
H NA NA NA 
(Full: 21º, 
Quadrant: 
11.7º) 
NA No  Both Latency, Constriction amplitude,  
Constriction & Redilation velocity, 
Time to peak constriction & 
dilation  
Higuchi et al., 
2013 
H 10, 100, 1000, 
3000, 6000 lux 
 
NA 5 min 
(NA) 
None No Closed-loop Ipsilateral Steady-state pupil size 
Tatham et al., 
2014 
H 23 – 384 cd.m-2 
(440, 555, 576, 
605 nm) 
300 ms 200 – 600 
ms 
(3° - 25°) 
1100 – 
1500 ms 
No Closed-loop Both RAPD, Maximum velocity of 
constriction & dilation, Latency to 
maximum velocity of constriction 
& dilation 
Martucci et al., 
2014 
H 100 cd.m-2 
(White light) 
NA 200 ms 3300 ms No Closed-loop Ipsilateral Constriction amplitude, 
Constriction & Redilation velocity, 
Latency to constriction and dilation, 
Barrionuevo et 
al., 2014 
H -2.7 – 2.0 log 
cd.m-2, 
0.5 – 8.0 Hz 
(442 – 634 nm) 
 
2 min 
light 
adaptati
on 
54° None No Closed-loop Ipsilateral Pupil frequency response 
Joyce et al., 
2014 
H 11.4 – 15.2 
log quanta.cm-2.s-1 
0.24 – 4.08 Hz 
(464, 638 nm) 
10 s 100 ms 
pulses, 
10.05 – 
12.5 s 
sinewaves 
(35.6°) 
40 s 1% Tropicamide Open-loop Contralateral Constriction amplitude, Time to 
peak constriction, 6 s PIPR 
Rukmini et al., 
2015 
H 6.8 – 13.8 
log quanta.cm-2.s-1 
(469, 631 nm) 
1 min 2 min 
(Ganzfeld) 
1 min No Closed-loop Ipsilateral/Bo
th eyes 
Constriction amplitude 
Gracitelli et al., 
2014, 2015 
 
H 250 cd.m-2 
(470, 640 nm) 
NA 1 s 
(Ganzfeld) 
60 s No Closed-loop Ipsilateral Constriction amplitude, 6 s PIPR 
Tsika et al., 
2015 
H -4.0 – 2.3 log 
cd.m-2 
(464, 635 nm) 
10 s 1 s 
(Ganzfeld) 
30 – 60 s No Closed-loop Ipsilateral Constriction amplitude, 6 s PIPR 
Maynard et al., 
2015 
H 15.1 
log quanta.cm-2.s-1 
0.5 Hz 
(464, 638 nm) 
10 s 11.9 s 
(35.6°) 
40 s 1% Tropicamide Open-loop Contralateral PLR Latency, Transient PLR, 
Constriction amplitude, Phase 
Amplitude Percentage, 6 s PIPR, 
Plateau PIPR 
 Chapter 2: Literature Review 18 
Whiting et al., 
2013 
A 
(canine) 
 8.0 – 15.0 
log quanta.cm-2.s-1   
(White light) 
 
 13.0 – 15.0     
log quanta.cm-2.s-1 
(470, 627 nm) 
 
5 s 
 
100 ms 
 
1 s 
(21.8º) 
15 – 85 s No Closed-loop Ipsilateral Latency, Constriction amplitude, 
Constriction & Redilation velocity, 
Plateau PIPR  
Berson et al., 
2002 
A  
(rat) 
13.7, 14.3, 15.3 
log quanta.cm-2.s-1 
(500 nm) 
Measured depolarisation on isolated rat retinas 
Dacey et al., 
2005 
A 
(macaqu
e) 
12.0 – 14.5 
log quanta.cm-2.s-1 
(470 nm) 
Kept isolated macaque retina in dark for 10 – 20 minutes and measured 
depolarisation produced by light stimulus of 10 s 
Wong, 2012 A  
(long-
Evans 
rat) 
12.5 
log quanta.cm-2.s-1 
(480 nm) 
Tested the firing of ipRGCs on isolated rat retinas for 10 hours with light stimulus on 
H = human; A = animal; NA = not available; PLR = pupil light reflex; PIPR = post-illumination pupil response; AUC = area under curve; RAPD = 
relative afferent pupillary defect; open- and closed-loop systems are defined in text (Section 2.3).
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2.3.1 Effect of Stimulus Irradiance, Wavelength, and Duration on the PLR 
during Light Stimulation 
The metrics used in the literature to quantify the PLR and PIPR are illustrated in 
Figure 2.4. 
    
 
Figure 2.4. An exemplar pupil light reflex tracing and the pupil metrics 
An exemplar of the pupil light reflex (PLR) during light stimulation to a short wavelength (465 nm), 
30 s light pulse and the post-illumination pupil response (PIPR) after light offset. The metrics used to 
quantify the pupil response during and after light stimulation are indicated on the pupil trace. The blue 
trace indicates the PLR and PIPR; the red trace shows the best-fitting model (from Adhikari, Zele & 
Feigl (2015b)). 
 
The PLR latency is defined as the time between the stimulus onset and the beginning 
of pupil constriction (Fig. 2.4). It depends on the strength of the sphincter pupillae 
muscles of the iris and stimulus irradiance (Loewenfeld, 1999). The sphincter 
pupillae muscles determine the minimum latency, which is about 180 ms – 200 ms in 
humans and stimulus irradiance determines the additional time delay of about 280 ms 
– 300 ms including the delay in the photoreceptors and neural reflex circuit 
(Loewenfeld, 1999). This time delay reduces with increasing stimulus irradiance 
(Fig. 2.5), but saturates after the complete elimination of the additional time delay 
indicating that the minimum PLR latency cannot be changed by varying stimulus 
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irradiance (Loewenfeld, 1966). Ellis (1981) showed that the PLR latency ranges from 
550 ms at low luminance (1 log cd.m
-2
) to 220 ms at high luminance (5.3 log cd.m
-2
) 
(Ellis, 1981). Similarly, Whiting et al. (2013) reported that the PLR latency in 
canines decreased from 380.56 ms to 183.33 ms with increasing stimulus irradiance 
from 8.0 to 15.0 log quanta.cm
-2
.s
-1 
(Whiting, Yao, Narfström, Pearce, Coates, 
Dodam, Castaner, & Katz, 2013), which spans from scotopic to photopic light levels 
covering the functional range of all photoreceptors, rods, cones, and ipRGCs (Dacey 
et al., 2005). Recently, it has been shown that the latency of the transient PLR to an 
ipRGC stimulus is longer than that to rod and cone stimuli (874 ms vs 685 and 697 
ms, respectively) for sinusoidal stimulation (Tsujimura & Tokuda, 2011). The PLR 
latency is independent of stimulus duration provided that the stimulus irradiance is 
constant (Loewenfeld, 1999). 
     
 
Figure 2.5. Effect of light stimulus properties on the pupil light reflex 
The pupil light reflex (PLR) of the right eye (solid lines) and left eye (dashed lines) to 1 s white light 
pulses (b) of intensity 1.0 (A), 4.0 (B), and 8.0 (C) log units above visual threshold presented to the 
right eye with a closed-loop paradigm. The reflex of the left eye is equal to the right eye and offset 
vertically. Reproduced with permission from Loewenfeld (1999). 
 
The transient PLR is defined as the maximum percent pupil constriction within a 180 
ms – 500 ms time window after light onset and has been proposed to measure outer 
and inner retinal inputs to the PLR depending on stimulus irradiance and wavelength 
(Kardon et al., 2009). Kardon et al. (2009) demonstrated that the transient PLR was 
always larger in response to short wavelength (467 nm) light than to long wavelength 
(640 nm) light and the amplitude increased with increasing luminance. When 
stimulus luminance was increased from 1 cd.m
-2
 (high mesopic) to 100 cd.m
-2
 
(photopic) in healthy eyes, the median transient PLR increased from 39% to 60% for 
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short wavelength and from 23% to 54% for long wavelength stimuli. Kardon et al. 
(2011) also found that with a 1 cd.m
-2
, short wavelength light, which they infer to be 
a rod-dominated condition, the transient PLR decreased to 29.6% and with a 100 
cd.m
-2
, long wavelength light, which they infer to be a cone-dominated condition, it 
decreased to 44.5% in patients with retinitis pigmentosa. Thus, the discrimination 
between rod and cone inputs to the PLR can be obtained with selected stimuli 
conditions, which will be discussed in Section 2.4.  
 
The pupil constriction velocity is independent of stimulus duration in humans, but 
increases with increasing stimulus irradiance from 1.0 to 5.0 log units above visual 
threshold and plateaus after 5.0 log units stimulus intensity (Ellis, 1981; Lowenstein 
& Loewenfeld, 1959) (Fig. 2.5). Similarly, the pupil constriction velocity in response 
to white light in canines increases from 0.5 to 2.82 mm.s
-1
 with increasing stimulus 
irradiance from 8.0 to 11.0 log quanta.cm
-2
.s
-1
, but declines slightly (to 2.28 mm.s
-1
) 
with subsequent increase (to 15.0 log quanta.cm
-2
.s
-1
) in irradiance (Whiting et al., 
2013). Thus, it can be hypothesised that the constriction velocity increases with 
increasing irradiance and then plateaus possibly due to the saturation of inputs from 
rods and the limitation of sphincter pupillae muscle contraction. 
 
The peak pupil constriction amplitude is the minimum size the pupil attains during 
light stimulation; and it is well known to increase spanning a range of 0.3 mm to 3.4 
mm with increasing stimulus irradiance (Fig. 2.5) (Alpern, McCready, & Barr, 1963; 
Ellis, 1981; Gamlin, Zhang, & Clarke, 1995; Lowenstein & Loewenfeld, 1969; 
Moon & Spencer, 1944). For the same stimulus luminance (2.0 log cd.m
-2
), the peak 
constriction amplitude also increases (from 2.3 mm to 4.8 mm) with increasing 
stimulus duration (Lowenstein et al., 1959) because of the temporal summation 
properties of the pupillary system (Webster, 1969), with a critical duration (75 ms – 
100 ms) similar to that for image forming vision (Barlow, 1958).  
 
With retinal illumination, the pupil constricts to attain the peak pupil constriction 
amplitude, but with longer duration stimuli (e.g., ≥ 10 s), it slowly redilates showing 
tonic redilation (Fig. 2.4) even during light stimulation due to photoreceptor 
adaptation to light (McDougal et al., 2010). This phenomenon has been termed pupil 
escape (Fig. 2.4) (Lowenstein et al., 1969). Kardon et al. (2009) reported that with a 
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13 s duration stimulus, at all measured stimulus luminances (1.0 cd.m
-2
 to 100 cd.m
-
2
) for both short (467 nm) and long (640 nm) wavelengths, the transient PLR (39% – 
60%) always exceeded the sustained PLR (pupil constriction at light offset i.e. at the 
13
th
 second) (31% – 56%) suggesting pupil escape (Kardon et al., 2009). The 
difference between the transient and sustained PLR was greatest (9%) for 1 cd.m
-2 
long wavelength in comparison to 10 and 100 cd.m
-2 
(2% - 4%) indicating that the 
pupil escape increases with decreasing stimulus luminance because of the inability of 
low stimulus luminances to maintain steady-state pupil contractions during light 
stimulation. This phenomenon can be explained by the relative contribution of outer 
and inner retinal photoreceptors to the PLR during presentation of the stimulus light, 
which will be discussed in Section 2.4. 
 
2.3.2 Effect of Stimulus Irradiance, Wavelength, and Duration on the PIPR 
after Light Offset 
After light offset, the pupil redilates to the resting baseline diameter. Ellis (1981) 
found in humans that the pupil redilation velocity to a 100 ms white pulse became 
faster with increasing irradiance from 1.0 to 5.0 log units above visual threshold. 
However, Whiting et al. (2013) reported in canines that the redilation velocity 
increased from 0.16 to 1.06 mm.s
-1
 for 100 ms white light with increasing irradiance 
from 8.0 to 11.0 log quanta.cm
-2
.s
-1
 and declined (to 0.59 mm.s
-1
 at 15.0 log 
quanta.cm
-2
.s
-1
) with further increase in irradiance. These findings suggest that below 
ipRGC-threshold (~ 11.0 log quanta.cm
-2
.s
-1
) (Dacey et al., 2005), the pupil redilates 
faster with increasing stimulus irradiance, but above this threshold, ipRGCs operate 
to make the redilation velocity slower so as to produce a sustained post-illumination 
pupil response afterwards. Slow redilation velocity and sustained pupil constriction 
after light offset in response to high intensity light are evident in the pupil traces in 
earlier studies, e.g., Lowenstein & Loewenfeld (1969) (Fig. 2.5), before the 
discovery of ipRGCs, which are now known to control this sustained PIPR (Gamlin 
et al., 2007; Markwell et al., 2010). After light offset, the pupil redilates more 
quickly for long wavelength stimulus than for short wavelength stimulus (Whiting et 
al., 2013) indicating the higher melanopsin excitation with short wavelength. As a 
result, long wavelength light (reddish) with low melanopsin excitation is used as a 
control to the short wavelength light (bluish) for the PIPR measurement. How the 
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redilation velocity alters with stimulus irradiance, wavelength, and duration is not 
well understood for conditions under which melanopsin is active. 
 
The ipRGCs in the primate retina exhibit an intrinsic photoresponse for irradiances 
higher than ~ 11.0 log quanta.cm
-2
.s
-1
 (Dacey et al., 2005). With high irradiance (≥ 
12.0 log quanta.cm
-2
.s
-1
) short wavelength light stimuli, the pupil shows a sustained 
constriction even after light offset (Gamlin et al., 2007; Young & Kimura, 2008); this 
response is called the post-illumination pupil response (PIPR) (Fig 2.4). Gamlin et al. 
(2007) showed that the PIPR was present after pharmacological blockade of the outer 
retina in the macaque monkey indicating that inner retinal ipRGCs control the 
sustained PIPR, which has been confirmed by spectral sensitivity measurements in 
humans and will be discussed in Section 2.4. Absence of the PIPR in macaque 
monkey at irradiances below 11.0 log quanta.cm
-2
.s
-1 
and the largest PIPR amplitudes 
for wavelengths between 453 nm and 510 nm at an irradiance of 14.0 log quanta.cm
-
2
.s
-1 
confirm the physiological findings that ipRGCs show a peak sensitivity to high 
photopic irradiances and short wavelength lights. In canines, it has been 
demonstrated that the PIPR amplitude increases from 4.7% at 11.0 log quanta.cm
-2
.s
-
1 
to 44.4% at 15.0 log quanta.cm
-2
.s
-1 
(Whiting et al., 2013) signifying that the PIPR 
amplitude increases with increasing stimulus irradiance. 
 
In humans, the pupilloconstriction persists even after light offset with 10 s, high 
irradiance, short wavelength light pulses (493 nm), but not with quantally matched 
long wavelength (613 nm) demonstrating that human PIPR is most sensitive to short 
wavelength, high irradiance stimuli (Gamlin et al., 2007). Gamlin et al. (2007) also 
showed that a retinal irradiance of 12.0 log quanta.cm
-2
.s
-1 
(492 nm) was required to 
observe a PIPR at 30 s after the offset of a 10 s light pulse. With increasing stimulus 
irradiance, the PIPR amplitude substantially increased and about 40% PIPR was 
produced with 14.1 log quanta.cm
-2
.s
-1
 irradiance. A 13.5 log quanta.cm
-2
.s
-1
 stimulus 
produced a plateau PIPR of > 1.5 mm in macaques and humans; while in humans, a 
15.0 log quanta.cm
-2
.s
-1
 stimulus produced a PIPR of 2.9 mm (Gamlin et al., 2007). 
Kankipati et al. (2010) observed a plateau PIPR of 1.5 mm and a net PIPR of 1.4 mm 
to 470 nm, 10 s, 13.0 log quanta.cm
-2
.s
-1
 stimuli and Markwell et al. (2010) reported 
a plateau PIPR of 81% baseline with 488 nm, 14.2 log quanta.cm
-2
.s
-1 
stimuli in 
healthy human eyes. These findings indicate that there is a direct relationship 
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between stimulus irradiance and the PIPR amplitude in humans (Young et al., 2008), 
however, the PIPR plateaus at approximately 15.0 log quanta.cm
-2
.s
-1
 irradiance, with 
no further increase in the amplitude with increasing irradiance (Gamlin et al., 2007).   
 
Park et al. (2011) showed that the difference in the PIPR between the short (467 nm) 
and long wavelength (640 nm) stimuli was largest at 6 s after light offset when using 
a Newtonian view, closed-loop paradigm. Park et al. (2011) also demonstrated that 
the 6 s PIPR increased with increasing stimulus duration from 4 ms to 1 s and then 
decreased with longer stimulus durations (3.16 s, 10 s). However, they did not 
evaluate the effect of any longer stimulus durations on the PIPR. Given that the PIPR 
is being measured with stimuli durations as long as 30 s (Münch et al., 2012) (see 
Table 2.1), the PIPR with both short and long duration stimuli needs to be measured 
in the same cohort to obtain a complete picture of the effect of stimulus duration on 
the PIPR. In addition to the plateau and 6 s metrics, the area under curve (AUC) 
early (0 s – 10 s after light offset) and late (10 s – 30 s after light offset) recovery 
metrics (Fig. 2.4) have also been used to quantify the PIPR amplitude. In healthy 
human eyes, with 20 s, 300 cd.m
-2
 light stimuli, the AUC early was 3.5 and 2.0 log 
units and the AUC late was 3.5 and 1.0 log units with short (470 nm) and long 
wavelength (660 nm), respectively (Herbst et al., 2011).  
 
Although the effect of stimulus irradiance and wavelength on the PIPR has been 
measured with some PIPR metrics, the effect of these stimulus properties along with 
stimulus duration requires quantification using all current metrics in a single cohort 
to determine the pupillometry protocols for measuring the PIPR in a clinical setting 
which will be considered in Experiment 1. The results will provide new 
understanding of the effect of stimulus irradiance, wavelength, and duration on 
current pupil metrics. 
     
2.3.3 Determining Clinical Protocols for the PIPR Assessment 
Since the first description of the swinging flash light test by Levatin (1959) that 
measures the pupil in response to a simple handheld light source, it has been widely 
used in ophthalmology to detect relative afferent pupillary defect (RAPD). The 
swinging flash light test involves alternating light stimulation between two eyes to 
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compare the direct and consensual pupil constriction amplitudes; a consensual PLR 
larger than direct PLR indicates RAPD. Though it is possible to quantify a RAPD in 
clinical settings using neutral density filters (Thompson, Corbett, & Cox, 1981), this 
technique suffers from high variability because of its dependence on the examiner’s 
subjective decision. The inability of clinicians to detect subtle defects has been noted 
(Volpe, Plotkin, Maguire, Hariprasad, & Galetta, 2000), and this method does not 
allow quantification of specific pupil metrics including the transient PLR, latency, 
constriction velocity, and the PIPR. The introduction of electronic pupillometry by 
Lowenstein, Friedman, and Loewenfeld (Lowenstein, 1954; Lowenstein & 
Friedman, 1942; Lowenstein & Loewenfeld, 1958) and its subsequent technological 
advancement with controlled light sources and cameras with high temporal and 
spatial resolution has provided an accurate method for pupil evaluation during light 
stimulation and after light offset to quantify all the PLR and PIPR metrics described 
earlier. While white light stimuli have been widely used for pupillometry, chromatic 
pupillometry using monochromatic light stimuli can better differentiate outer and 
inner retinal inputs to the PLR (Kardon et al., 2009). However, there is no consensus 
on the stimulus protocols especially to measure the melanopsin-mediated PIPR (see 
Table 2.1). Thus, Experiment 1 aims to measure the dark-adapted PLR and PIPR 
amplitudes and kinetics with a range of stimulus irradiances, wavelengths, and 
durations to determine the stimulus protocols that produce the largest PIPR 
amplitude for clinical assessment of melanopsin ipRGC function.  
 
To quantify the human PIPR, five metrics namely the redilation velocity, 6 s PIPR, 
plateau PIPR, area under curve (AUC) early and late recovery have been proposed 
(Fig. 2.4). Given that a pupil metric with lowest intra- and inter-individual variability 
should be used to differentiate disease effects on melanopsin function, the variability 
of all current PIPR metrics needs comparisons within a single cohort. Herbst et al. 
(2011) reported test-retest variability of the AUC early (intra-class correlation 
coefficient, ICC = 0.6) and late recovery (ICC = 0.8) and Lei et al. (2014) reported 
inter-individual variability of the 6 s and plateau PIPR metrics (coefficient of 
variation, CV ≤ 0.13). Experiment 1 thus also aims to evaluate the intra- and inter-
individual coefficient of variation of all five current PIPR metrics to determine the 
metrics with the lowest variation in the same cohort using an open-loop system.  
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Though physiological recordings show that ipRGCs can signal for continuous light 
stimulation up to 10 hours (Wong, 2012), the longest reported duration that the PIPR 
has been measured for is 60 s after light offset (Gracitelli et al., 2015; Herbst et al., 
2011; Münch et al., 2012; Tsika et al., 2015). It is hypothesised that the duration of 
the PIPR will increase with higher stimulus irradiances, longer stimulus durations, 
and with wavelengths closer to ipRGC peak sensitivity. In Experiment 1, a new 
metric is introduced called the PIPR duration that quantifies the time taken by the 
pupil to redilate to the resting baseline diameter after light offset. The results inform 
the optimal readaptation time interval required between pupil testing sequences. 
 
  
2.4 RELATIVE PHOTORECEPTOR CONTRIBUTIONS TO THE PUPIL 
LIGHT REFLEX 
Rods, cones, and ipRGCs all contribute to the afferent pupillomotor signal relayed to 
the OPN (Alpern et al., 1962; Dacey et al., 2005; Gamlin et al., 2007; McDougal et 
al., 2010), but the relative contribution of each and their dependence on the light 
stimulus is still an area of contention. Because the photoreceptor spectral sensitivities 
overlap, a monochromatic light stimulus cannot isolate any one photoreceptor class 
during light presentation when more than one photoreceptor class is active (Stiles, 
1959). It can be inferred that the transient PLR measures the outer retina based on the 
proposal of Kardon et al. (2009) that the PLR to a high irradiance red light in the 
light adapted eye is driven by cones because rods are saturated and ipRGCs have low 
sensitivity to long wavelengths (Dacey et al., 2005; Gamlin et al., 2007; Markwell et 
al., 2010). However, given that rods provide signals to the non-image forming 
circadian system at photopic illuminations (Altimus, Güler, Alam, Arman, Prusky, 
Sampath, & Hattar, 2010), this inference requires confirmation through spectral 
sensitivity experiments. At stimulus irradiances below ipRGC threshold, the transient 
PLR receives inputs from outer retina, however above ipRGC threshold, both outer 
and inner retina may contribute to this response because ipRGCs, rods, and cones all 
show similar latencies to the pupil constriction (483 ms, 475 ms, and 475 ms, 
respectively) with rectangular pulse stimuli commonly used in pupil testing 
(Tsujimura et al., 2011). 
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In transgenic mice lacking rods and cones (rd/rd cl), the irradiance required for an 
equivalent pupillary constriction is higher than in wild type mice (Lucas et al., 2001). 
The high irradiance PLR is diminished in melanopsin knocked out mice (opn4 -/-) 
(Lucas et al., 2003) suggesting that ipRGCs provide major contributions to the PLR. 
McDougal and Gamlin (2010) demonstrated that the peak spectral sensitivity of 
steady-state pupil constriction during light stimulation (see Fig. 2.6) shifted from 510 
nm (rod dominated, V´lambda = 507 nm) to 470 nm (ipRGC dominated, melanopsin 
λmax = 482 nm) as stimulus duration increased from 1 s to 100 s. The stimulus 
irradiance required to produce ½ maximal pupillary constriction increased from 10.5 
to 11.5 log quanta.cm
-2
.s
-1
. When the background irradiance was set at 10.4 log 
quanta.cm
-2
.s
-1
 (λmax = 510 nm) to suppress the rod function, the pupil constriction 
showed higher sensitivity to short wavelength and the irradiance required to produce 
¾ maximal pupillary constriction increased to 12.5 log quanta.cm
-2
.s
-1
. The 
conclusion that was drawn from these findings is that for stimulus durations shorter 
than 10 s, outer retinal rods provide major (0.6 – 1.0) contributions to the steady-state 
PLR with lesser (0.1 – 0.2) contributions from cones and ipRGCs; the ipRGCs 
dominate contributions (1.0 to 1.1) to the steady-state PLR with a rectangular pulse 
when the stimulus duration is longer than 10 s and the stimulus irradiance is above 
melanopsin threshold (~ 11.0 log quanta.cm
-2
.s
-1
) (Dacey et al., 2005). McDougal 
and Gamlin (2010) observed significant (0.6 – 1.1) rod contributions for all stimulus 
durations, but these adapt over time causing pupil escape (Aguilar & Stiles, 1954; 
Crawford, 1947). The pupil escape is most evident below melanopsin threshold 
indicating that ipRGCs provide predominant inputs to minimise this escape. It has 
been recently demonstrated that rods and cones contribute more to the phasic pupil 
response to sinusoidal stimuli relative to light levels than ipRGCs (Barrionuevo et 
al., 2014). At low mesopic light levels (e.g., -0.9 log cd.m
-2
) below cone and ipRGC 
threshold, rods dominate the phasic response and at photopic light levels (e.g., 2.0 
log cd.m
-2
), all photoreceptors contribute to this response with predominant cone 
contributions. IpRGCs suppress the amplitude of the phasic pupil response to 
sinusoidal stimuli (Feigl et al., 2014; Joyce, Feigl, Cao, & Zele, 2015). 
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Figure 2.6. Spectral sensitivity of the pupil constriction amplitude 
Spectral sensitivity of ½ maximum pupil constriction amplitude. The peak sensitivity shifts from 510 
nm (A & B) to 470 nm (E & F) and the irradiance required for the criterion response increases from 
10.5 log quanta.cm
-2
.s
-1
 (A & B) to 11.5 log quanta.cm
-2
.s
-1
 (E & F) with increasing stimulus duration, 
1 s (A), 3.16 s (B), 10 s (C), 17.8 s (D), 31.6 s (E), and 100 s (F) indicating increased melanopsin 
contribution. Reproduced with permission from McDougal & Gamlin (2010). 
 
Dacey et al. (2005) measured the photic peak depolarisation of ipRGCs in the 
primate retina at six wavelengths (470 nm – 611 nm) over a range of 3.0 log 
quanta.cm
-2
.s
-1
 irradiance to determine the relative quantal sensitivity, which was 
well fitted by the vitamin A1 photopigment nomogram (peak at 482 nm). Also, the 
spectral sensitivity data of the PIPR in humans fit well with the vitamin A1 
nomogram (482 nm) indicating that this response is solely ipRGC driven (Feigl et al., 
2014; Gamlin et al., 2007; Markwell et al., 2010). It is now clear that short 
wavelength, high irradiance stimuli (above melanopsin threshold ~ 11.0 log 
quanta.cm
-2
.s
-1
) can be used to isolate a melanopsin controlled dark-adapted PIPR. 
However, these studies measured the spectral sensitivity of only one PIPR metric, the 
plateau in response to 10 s pulses (Gamlin et al., 2007; Markwell et al., 2010); there 
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are no reported measurements of the spectral sensitivity of the PIPR for the other 
metrics. Hence, Experiment 1 also aims to determine the spectral sensitivity of the 
dark-adapted PIPR measured with all current metrics, namely the 6 s PIPR, plateau 
PIPR, area under curve (AUC) early and late recovery. 
 
 
2.5 EFFECT OF AGEING ON THE PUPIL LIGHT REFLEX 
Many retinal functions including contrast sensitivity (Arden et al., 1978), incremental 
light sensitivity across the visual field (Spry et al., 2001), and dark adaptation 
(Jackson et al., 1999) show deterioration with healthy ageing due to retinal 
photoreceptor and/or ganglion cell loss. Given that the ipRGC-mediated PIPR is also 
affected in age-related optic nerve and retinal disease (discussed in Section 2.7, see 
Feigl & Zele, 2014 for review), the effect of normal age-related changes on ipRGC 
function needs to be established so that it can be differentiated from loss caused by 
eye disease. 
 
The most well-known age-related change of the pupil is senile miosis (e.g., 7.5 mm 
diameter in 19.5 years old (median age) and 5.5 mm in 69 years old) (Bitsios, 
Prettyman, & Szabadi, 1996), which possibly occurs due to age-related atrophy of 
the dilator pupillae muscles and decrease of sympathetic activity that lead to 
reduction of the dilator muscle tone (Loewenfeld, 1999). These age-related iris 
changes also prolong the PLR latency (e.g., ~ 237 ms at 19.5 years and ~ 268 ms at 
69 years of age) and decrease the pupil constriction velocity (e.g., ~ 6.7 mm.s
-1
 at 
19.5 years and ~ 5.7 mm.s
-1
 at 69 years of age) although not statistically significant 
(Bitsios et al., 1996; Pozzessere, Valle, Rossi, Petrucci, Ambrosini, D’Alessio, 
Pierelli, & Giacomini, 1996). The pupil constriction amplitude has been shown to 
decrease with ageing (e.g., ~ 2.45 mm at 19.5 years and ~ 1.95 mm at 69 years of 
age) (Bitsios et al., 1996; Loewenfeld, 1999; Pozzessere et al., 1996), but when 
normalised to the baseline pupil diameter this effect disappears (Daneault, 
Vandewalle, Hébert, Teikari, Mure, Doyon, Gronfier, Cooper, Dumont, & Carrier, 
2012) indicating that the constriction amplitude is independent of age.  
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In addition to the senile iris changes, the age-related changes of retinal 
photoreceptors and ganglion cells also might affect the PLR. There are evidences of 
greater scotopic sensitivity impairment than photopic sensitivity impairment in older 
people (age range: 20 – 80 years) (Jackson & Owsley, 2000) and a slower rod-
mediated portion of dark adaptation in adulthood than in youth (age range: 20 – 80 
years) (Jackson et al., 1999). With healthy ageing, the outer segments of outer retinal 
rods and cones become disorganised (Marshall, 1978; Marshall, Grindle, Ansell, & 
Borwein, 1979), the nuclei displace from the outer nuclear layer to the inner nuclear 
layer and then undergo necrosis, and the number of nuclei decreases (20% – 50% 
loss between 40 and 100 years of age) (Gartner & Henkind, 1981). Specifically, the 
foveal and central retinal (28.5°) cone density remains stable throughout adulthood, 
while the central retinal rod density decreases significantly with ageing, with the 
greatest loss at 0.5 mm to 3 mm (1°40´ to 20°) eccentricity (Curcio et al., 1993b). An 
opposite trend is seen in the peripheral retina (13 mm, 86.7° temporal to fovea) with 
rod density being stable but cone density decreasing with ageing (Curcio et al., 
1993b). Retinal ganglion cell density also decreases significantly in adulthood (66 – 
82 years) compared to young people (27 – 37 years) across 40° of the retina (Curcio 
et al., 1993a). As part of Experiment 2, the effect of healthy ageing on the PLR 
during light stimulation will be quantified with the transient PLR and peak 
constriction amplitude.  
  
The effect of age on ipRGC density and dendritic parameters has been investigated 
using animal models. IpRGCs are robust to healthy ageing in rats, with no change in 
cell density, dendritic area, number of branch points, number of terminal neurite tips 
per cell, and Sholl area (García-Ayuso, Di Pierdomenico, Esquiva, Nadal-Nicolás, 
Pinilla, Cuenca, Vidal-Sanz, Agudo-Barriuso, & Villegas-Pérez, 2015), but there is 
no report on ageing and ipRGC anatomy in humans. The effect of ageing on the 
ipRGC-driven PIPR has been addressed in two human studies with conflicting 
results. Kankipati et al. (2010) demonstrated no effect of ageing on the PIPR 
amplitude as measured with the plateau PIPR metric suggesting normal ipRGC 
function with age, whereas Herbst et al. (2012) reported enhanced PIPR amplitude 
with ageing using the AUC early and late recovery metrics and attributed this 
enhancement to ageing lens scattering light which stimulates more ipRGC axonal 
collaterals, hence producing larger PIPRs than in young eyes. The primary aim of 
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Experiment 2 is to determine the effect of healthy ageing on ipRGC function 
quantified with the PIPR measurement.     
 
 
2.6 EFFECT OF REFRACTIVE ERROR ON THE PUPIL LIGHT REFLEX 
There are two previous studies investigating the relationship between refractive error 
and light-adapted pupil size, and these studies produced opposing results (Hirsch & 
Weymouth, 1949; Winn, Whitaker, Elliott, & Phillips, 1994). Hirsch and Weymouth 
(1949) demonstrated a weak negative correlation between refractive error and light-
adapted pupil size with a larger pupil size in myopes and smaller in hyperopes 
compared to emmetropes; in contrary, Winn et al. (1994) found no such correlation. 
However, these studies only measured pupil diameter and not the pupil light reflex 
and importantly, they did not determine the relationship between the PIPR and 
refractive error.  
 
Form deprivation myopia in chicks, rhesus monkeys, and guinea pigs can be 
associated with reduction in retinal dopamine levels (Iuvone et al., 1991; Junfeng et 
al., 2010; Stone et al., 1989), and intraocular administration of dopamine agonists 
can inhibit myopia development during form deprivation in chicks, primates, and 
guinea pigs (Iuvone et al., 1991; Junfeng et al., 2010; Nickla et al., 2010; Rohrer et 
al., 1993) suggesting that retinal dopamine might have antimyopiagenic effects. On 
the other hand, it has been demonstrated in rhesus monkeys, tree shrews, and chicks 
that elevated ambient light levels limit the development of form deprivation myopia 
and minus lens-induced myopia (Ashby, Ohlendorf, & Schaeffel, 2009; Siegwart Jr 
et al., 2012; Smith III et al., 2012). Similarly, children involved in higher outdoor 
activities have been shown to have a lower prevalence of myopia (Rose et al., 2008) 
possibly because light levels outdoors, which are higher than indoors, prevent 
myopia development. Indoor light illuminance is usually less than 800 lux, whereas 
outdoor light illuminance ranges from 5,000 to 50,000 lux depending on weather 
(Phillips et al., 2012). Based on above mentioned findings, ipRGC light inputs to the 
brain have been speculated to be involved in retinal dopamine secretion (Norton et 
al., 2013; Phillips et al., 2012) because ipRGCs operate at high photopic light levels. 
If there is a relationship between ipRGC function and myopia development and this 
  
Chapter 2: Literature Review 32 
 
relationship can be measured with the ipRGC-mediated PIPR, the PIPR amplitude 
will vary with myopia amplitude. Despite speculation about the role of ipRGCs in 
myopia development, there is no published data nor any report of the relationship 
between human ipRGC function quantified with the PIPR measurement and 
refractive error status. Hence, a secondary aim of Experiment 2 is to investigate the 
effect of refractive error on the PIPR. 
 
 
2.7 THE PUPIL LIGHT REFLEX IN GLAUCOMA 
Primary open-angle glaucoma (POAG) is a progressive, chronic optic neuropathy in 
adults resulting in loss of retinal ganglion cells (RGCs) and their axons and optic 
nerve atrophy (AAO, 2010b). POAG commonly and more rapidly affects the RGC 
axons passing through the superior and inferior pole of the optic nerve head. The 
corresponding visual field deficits in the early stages of glaucoma start in the 
superonasal and inferonasal quadrants and progress to arcuate and hemi-fields; and at 
end-stage disease only a small portion of central visual field remains (Harrington, 
1965; Heijl, Patella, & Bengtsson, 2012; Quigley, 2011). The clinical optic disc 
characteristics include diffuse thinning, focal narrowing, or notching of the 
neuroretinal rim, especially at the inferior or superior poles; increase in cup-disc ratio 
>0.7; disc rim or peripapillary retinal nerve fibre layer (RNFL) haemorrhages, inter-
eye cup asymmetry >0.2, or disc haemorrhage.  
 
The pathogenesis of glaucoma is not completely known. Intraocular pressure (IOP) is 
the only known risk factor that is thought to contribute to the ischaemic damage to 
the optic nerve fibres; there might be other risk factors such as low blood pressure 
(Bonomi, Marchini, Marraffa, Bernardi, Morbio, & Varotto, 2000), which in 
combination with elevated IOP reduces the perfusion pressure at the optic nerve head 
resulting in the ischaemic damage of retinal ganglion cells and axons. Elevated IOP 
induces mechanical damage of RGC axons disrupting orthograde and retrograde 
transport of neurotrophic factors that support the growth and survival of neurons  
(Burgoyne, Downs, Bellezza, Suh, & Hart, 2005; Fechtner & Weinreb, 1994; 
Quigley, McKinnon, Zack, Pease, Kerrigan–Baumrind, Kerrigan, & Mitchell, 2000). 
Disrupted axonal transport occurs in the early stages of experimental glaucoma and 
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leads to disorganisation of microtubules and neurofilaments in RGC axons (Quigley, 
Addicks, Green, & Maumenee, 1981; Quigley et al., 2000) and mitrochondrial 
dysfunction in cell bodies and astrocytes (Ju, Kim, Lindsey, Angert, Duong-Polk, 
Scott, Kim, Kukhmazov, Ellisman, & Perkins, 2008). 
 
The 2010 global estimates are that 60.5 million people are living with glaucoma, and 
over 8.4 million people are blind in both eyes from glaucoma (Quigley et al., 2006). 
Given that glaucomatous damage is irreversible (Quigley 1996), early diagnosis and 
intervention are essential for better prognosis and prevention of visual loss. Though a 
number of established tests including standard automated perimetry (SAP), 
frequency doubling technology (FDT) perimetry, short-wavelength automated 
perimetry (SWAP), and optical coherence tomography (OCT) are available to 
measure the functional and structural alterations in glaucoma, early diagnosis still 
remains difficult. In contrast to the perimetry techniques that measure the visual 
pathway integrity, the PLR directly measures the function of retinal photoreceptors 
including ipRGCs. Furthermore, the PLR measurement may provide functional 
correlate to structural abnormalities detected by OCT in glaucoma.    
 
The assessment of RAPD (see Section 2.3.3) is a common clinical procedure in 
glaucoma examination; the prevalence of RAPD in patients with glaucomatous optic 
neuropathy is 25% and the RAPD amplitude is associated with RNFL thickness and 
mean deviation (MD) on standard automated perimetry (Chang, Boland, Arora, 
Supakontanasan, Chen, & Friedman, 2013; Schiefer, Dietzsch, Dietz, Wilhelm, 
Bruckmann, Wilhelm, Kitiratschky, & Januschowski, 2012). However, a RAPD is 
observed in advanced glaucoma in cases of asymmetrical disease (Chang et al., 2013; 
Kalaboukhova, Fridhammar, & Lindblom, 2007; Tatham, Meira-Freitas, Weinreb, 
Zangwill, & Medeiros, 2014). Advanced POAG patients have lower pupil 
constriction amplitudes and velocities than normal healthy controls (Chang et al., 
2013; Link, Junemann, Rix, Sembritzki, Brenning, Korth, & Horn, 2006; Martucci, 
Cesareo, Napoli, Sorge, Ricci, Mancino, & Nucci, 2014). The pupil area ratio and the 
pupil redilation velocity ratio are in particular, significantly reduced in advanced 
glaucoma patients (Kalaboukhova et al., 2007). Greater visual field mean deviations 
(MD > -7.4 dB) and thinner RNFL (thickness < 67 µm) are associated with smaller 
PLR amplitudes (0.02 mm per -5.0 dB MD), delayed latency (3.45 ms per -5.0 dB 
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MD), and slower pupil kinetics (constriction velocity, 0.18 mm.s
-1 
per -5.0 dB MD) 
(Chang et al., 2013; Rukmini, Milea, Baskaran, How, Perera, Aung, & Gooley, 
2015). Though the PLR amplitudes and kinetics have been suggested to be affected 
in advanced glaucoma, it is not clear if the pupil tests have potential applications in 
early detection of glaucoma.  
 
The discovery of ipRGCs in the human inner retina (Dacey et al., 2005) has 
encouraged researchers to explore if ipRGC function measured with pupillometry 
can be useful in early detection and monitoring progression of ischaemic retinal and 
optic nerve diseases including glaucoma (for review, Feigl et al. (2014); Kawasaki et 
al. (2007); Münch et al. (2013)). Kardon et al. (2009),  Herbst et al. (2013), and more 
recently Tsika et al. (2015) showed reduced sustained pupil response and PIPR 
measured with AUC early and late recovery metrics in anterior ischemic optic 
neuropathy suggesting ipRGC dysfunction. Feigl et al. (2012b) investigated the pupil 
response in a case series of patients with type II diabetes without retinopathy using 
an ipRGC-dominated pupillometry protocol and found that the peak pupil 
constriction and net plateau PIPR were reduced in those patients. Importantly, pupil 
dynamics were associated with diabetes duration. It was suggested that the PIPR test 
can be an important non-invasive technique to assess inner neuroretinal function in 
diabetes before ophthalmoscopically visible retinal damage occurs. Recently, the 
PIPR has been shown to be significantly reduced in early age-related macular 
degeneration (AMD) (Feigl et al., 2014; Maynard et al., 2015). Interestingly, Feigl 
and Zele (2014)) showed that the PIPR deficits are larger in neovascular AMD 
compared to early AMD indicating that the PIPR shows a graded relationship with 
disease severity and therefore can be a good biomarker for monitoring disease 
progression. Animal studies showing ipRGC dysfunction in glaucoma models are 
reviewed in Section 2.7.1 before discussing the potential of the human PIPR test for 
early glaucoma detection. 
 
2.7.1 ipRGC Dysfunction in Animal Models of Glaucoma  
Chronic ocular hypertension, which is a primary risk factor for glaucoma, has been 
used to model glaucomatous effects on ipRGC soma and dendrite morphology in 
animals. An initial study in Sprague-Dawley rats showed that ipRGCs are robust to 
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increased IOP (~ 23 mm Hg) induced by laser photocoagulation of the limbal and 
episcleral veins that normally drain intraocular fluids (Li, Chen, Tay, Chan, Pu, & 
So, 2006). The ipRGC density, cell morphology, and ipRGC dendrites remained 
intact over 12 weeks after the induction of ocular hypertension, whereas other non-
melanopsin retinal ganglion cells showed a significant reduction in density. 
However, subsequent studies have shown a significant effect on ipRGC density and 
morphology in animal models of glaucoma when inducing ocular hypertension for 
similar durations. The number of ipRGC axonal terminals present in the 
suprachiasmatic nucleus (SCN) reduced by 71.7 ± 9.4% in Wistar rats indicative of 
ipRGCs being equally susceptible to glaucomatous damage as other non-melanopsin 
ganglion cells (Drouyer, Dkhissi-Benyahya, Chiquet, WoldeMussie, Ruiz, Wheeler, 
Denis, & Cooper, 2008). Another study on Wistar rats showed reduced ipRGC 
density, but no morphological changes after 12 weeks of IOP elevation (26 mm Hg) 
(Wang, Lu, Wang, Liu, Zhang, & Zhan, 2008). Ocular hypertension (22 – 23 mm 
Hg) induced by intraocular injection of chondroitin sulphate in Wistar rats also 
significantly (~ 45%) reduced ipRGC density after 10 weeks (de Zavalía, Plano, 
Fernandez, Lanzani, Salido, Belforte, Sarmiento, Golombek, & Rosenstein, 2011). In 
addition to a reduction in cell density (50% at 5 months to 13% at 14 months of 
ocular hypertension ~ 22 mm Hg) in a CFP-D2 transgenic mouse glaucoma model, 
ipRGC dendritic field size also reduces at 14 months of age (0.08 mm
2
 at 5 months to 
0.07 mm
2
 at 14 months) (Zhang, Vuong, Huang, Wang, Brecha, Pu, & Gao, 2013). 
These findings from experimental animal glaucoma models indicate that ipRGCs are 
affected in advanced stages of animal glaucoma models. 
 
Remarkably, a recent study in CB2-GFP transgenic mice reported a significant 
decrease in ipRGC dendrite branch number (21 in CB2-GFP mice vs 27 in controls) 
and length (1657 µm in CB2-GFP vs 2103 µm in controls) one week after IOP 
elevation (14 – 18 mm Hg) when using microbead injections into the anterior 
chamber blocking drainage (El-Danaf & Huberman, 2015). The density of ipRGCs 
reduces (~ 50%) two weeks after the induction of ocular hypertension by 
photocoagulation in Sprague-Dawley rats and in C57BL/6 mice (Vidal-Sanz, 
Valiente-Soriano, Ortín-Martínez, Nadal-Nicolás, Jiménez-López, Salinas-Navarro, 
Alarcón-Martínez, García-Ayuso, Avilés-Trigueros, & Agudo-Barriuso, 2015). The 
implication of these observations is that ipRGCs might be affected in early 
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glaucoma. However, results from these experimental glaucoma studies on rodents, 
which unlike humans are nocturnal, may not directly apply to humans because their 
outer and inner retinal photoreceptors have different anatomical and physiological 
characteristics than those in humans. In addition, these models are based only on 
induced ocular hypertension while other ischaemic and vascular factors have been 
shown to play an important role for glaucomatous damage (Bonomi et al., 2000; 
Leske, 1983). Hence, this thesis aims to determine ipRGC function in patients with 
early and late stages of glaucoma and healthy controls via the PIPR measurement.      
 
2.7.2 Early Detection of IpRGC Dysfunction in Glaucoma via Pupillometry 
It has been established in humans that the ipRGC-mediated PIPR is reduced in 
moderate and advanced glaucoma using central field stimulation pupillometry (Feigl 
et al., 2011b; Kankipati et al., 2011), however, these initial paradigms did not 
discriminate early glaucoma patients from healthy eyes (Feigl et al., 2011b); there is 
no report of the PIPR measurement in glaucoma suspects. The net plateau PIPR and 
6 s PIPR were significantly reduced in glaucoma compared to healthy eyes and had a 
positive correlation with visual field mean deviation and RNFL thickness (Gracitelli, 
Duque-Chica, Moura, Nagy, de Melo, Roizenblatt, Borba, Teixeira, Ventura, & 
Paranhos, 2014; Gracitelli et al., 2015; Kankipati et al., 2011). Feigl et al. (2011b) 
showed the pupil redilation velocity was not affected, but the plateau PIPR amplitude 
was reduced in advanced glaucoma compared to early glaucoma and controls. 
Interestingly, in advanced glaucoma, Feigl et al. (2011b) detected PIPR deficits in 
the central 7° retina where glaucomatous visual field deficits are not detected with 
perimetry emphasising that selective pupillometry for stimulating the focal (arcuate) 
areas of RNFL loss may be able to detect ipRGC dysfunction in early glaucoma. 
Thus, Experiment 3 aims to determine the effectiveness of the optimised 
pupillometry protocols that use stimuli designed for selective stimulation of the focal 
glaucomatous RNFL defects to detect ipRGC dysfunction in glaucoma suspects and 
early glaucoma. 
 
2.7.3 Melanopsin Gene (OPN4), IpRGC Function, and Sleep Quality 
A single nucleotide polymorphism (SNP) of the melanopsin gene (OPN4) 
(rs1079610, I394T, TT allele) is associated with reduced peak pupil constriction 
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amplitude during light stimulation (Higuchi et al., 2013; Lee et al., 2013) and the 
PIPR (Roecklein et al., 2013). Another SNP (rs2675703, P10L, TT allele) of the 
OPN4 gene may increase the risk for seasonal affective disorder (SAD) in 5% of 
individuals with the disorder (Roecklein, Rohan, Duncan, Rollag, Rosenthal, Lipsky, 
& Provencio, 2009). Roecklein et al. (2012) further determined that P10L is 
associated with differences in sleep-wake behaviour among healthy individuals. 
While an association among the SNPs within OPN4 gene and sleep disorders and the 
PLR and PIPR has been established, this study investigates the association of these 
SNPs with ipRGC function in a sample of glaucoma patients. To the best of our 
knowledge, no study has evaluated the relationship between the SNPs within the 
melanopsin gene and glaucoma. 
 
In glaucoma patients, there is a significant prevalence of sleep disorders such as 
snoring (47.6%), snoring plus excessive daytime sleepiness (27.3%) and snoring plus 
excessive daytime sleepiness plus insomnia (14.6%) (Onen et al., 2000), and also an 
increase in wake minutes and wake episodes during the night (Lanzani et al., 2012). 
Abnormal light induced nocturnal melatonin suppression has also been observed in 
glaucoma patients (Pérez-Rico et al., 2010). Recently, polysomnography recordings 
detected reduced total sleep time and sleep efficiency in patients with advanced 
glaucoma (Gracitelli et al., 2015). These results suggest that sleep disorders could be 
a risk to the quality of life of glaucoma patients. In this context, we propose to study 
sleep quality in glaucoma and to investigate whether it is related to ipRGC 
dysfunction and melanopsin gene variants.  
 
 
2.8 AIMS AND HYPOTHESES 
2.8.1 Experiment 1A 
The post-illumination pupil response (PIPR), the sustained pupil constriction after 
the cessation of light stimulus, provides a direct measurement of the function of 
intrinsically photosensitive melanopsin retinal ganglion cells (ipRGCs) (Gamlin et 
al., 2007; Markwell et al., 2010). The PIPR amplitude has been quantified with four 
metrics, namely the plateau PIPR, 6 s PIPR, area under curve (AUC) early and late 
recovery (Feigl et al., 2011b; Herbst et al., 2011; Kankipati et al., 2010; Park et al., 
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2011; Zele et al., 2011). However, the spectral sensitivity of only the plateau metric 
in response to 10 s pulsed stimuli has been measured and shown to be well described 
by the vitamin A1  photopigment  spectral  nomogram  with  a  peak  sensitivity  at   
~ 482nm (Gamlin et al., 2007; Markwell et al., 2010), consistent with melanopsin 
photopigment sensitivity (Dacey et al., 2005). The spectral sensitivity of the dark-
adapted PIPR measured with the other three metrics should be determined to confirm 
that all current PIPR metrics isolate melanopsin expressing ipRGC function.  
 
Aim 
 To determine the spectral sensitivity of the dark-adapted PIPR measured with 
all current metrics: the plateau PIPR, 6 s PIPR, AUC early and AUC late 
recovery to quantify the melanopsin photoreceptor contributions to the PIPR. 
Hypothesis 
 The dark-adapted PIPR measured with all current PIPR metrics is completely 
described by the vitamin A1 photopigment spectral nomogram. 
 
2.8.2 Experiment 1B 
Inner retinal melanopsin expressing ipRGCs contribute to the PLR during light 
stimulation along with outer retinal rods and cones (McDougal et al., 2010) and 
entirely drive the PIPR after light offset (Gamlin et al., 2007; Markwell et al., 2010). 
There are literature reports of a range of light stimulus irradiances, wavelengths, and 
durations to measure outer retinal (rods, cones) and inner retinal (ipRGCs) 
contributions to the PLR and PIPR and six metrics to quantify the PIPR (Table 2.1). 
However, there is no consensus on which stimulus protocols and metrics should be 
used to quantify the PIPR. Given that the PIPR assessment is a potential non-
invasive and objective clinical tool for diagnosis and monitoring progression of 
retinal and optic nerve diseases  (for review, Feigl & Zele (2014)), stimulus protocols 
that produce the largest PIPR amplitudes and metrics with the lowest variability need 
to be determined for differentiating ipRGC function between diseased and healthy 
eyes.     
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Aims 
 To evaluate the amplitude and kinetics of the PLR during light stimulation and 
the PIPR after light offset as a function of stimulus duration (1 s, 10 s, and    
30 s), wavelength (465 nm, 637 nm) and irradiance (corneal: 10.1 to 15.1 log 
quanta.cm
-2
.s
-1
, retinal: 9.8 to 14.8 log quanta.cm
-2
.s
-1
) to determine the 
stimulus protocols producing the largest PIPR amplitude for clinical 
assessment of outer retinal (rod and cone) and inner retinal (ipRGC) 
contributions to the PLR and PIPR. 
 To determine the dark-adapted PIPR metrics with the lowest intra- and inter-
individual variability.   
 
Hypotheses 
 Because high irradiance and long duration light stimuli maximise the 
hyperpolarisation of rods and cones and the depolarisation of ipRGCs, the 
PLR and PIPR increase in amplitude and kinetics with increasing stimulus 
irradiance and duration. 
 Since the PIPR metrics quantify the PIPR either at a moment in time (e.g., 6 s 
PIPR) or over a period of time (e.g., AUC), the integration window 
determines the variability of the metrics. 
 
2.8.3 Experiment 2 
Ageing deteriorates many retinal functions (Arden et al., 1978; Jackson et al., 1999; 
Spry et al., 2001) and thus the translation of the PIPR to a clinical test necessitates 
the knowledge of the effect of normal healthy ageing on the PIPR to differentiate 
disease effects from ageing effects. The PIPR alterations with healthy ageing in 
humans have been quantified using the plateau and AUC metrics in two studies but 
with conflicting results (Herbst et al., 2012; Kankipati et al., 2010). Thus, further 
research is warranted to determine the effect of healthy ageing on ipRGC function 
measured with the PIPR quantified using all current metrics. 
 
Reduced retinal dopamine in animals with form deprivation myopia and inhibition of 
such myopia with dopamine administration suggests that it may have 
  
Chapter 2: Literature Review 40 
 
antimyopiagenic effects (Iuvone et al., 1991). Since high ambient illumination may 
lower the risk of myopia in children (Rose et al., 2008), ipRGC light signalling has 
been inferred to have a role in dopamine production. However, the relationship of 
refractive error with ipRGC function measured with the PIPR has not been studied. 
   
Aims 
 The primary aim is to determine the effect of healthy ageing on the ipRGC-
mediated dark-adapted PIPR and the secondary aim is to determine the effect 
of refractive error on the PIPR amplitude. 
 
Hypothesis 
 The PIPR is independent of ageing and is not affected by refractive error 
status. 
 
2.8.4 Experiment 3 
Glaucoma is a major cause of blindness, and for preventing irreversible 
glaucomatous damage using current treatment, patients require early diagnosis. 
Though the PIPR with central retinal stimulation is affected in moderate to advanced 
glaucoma (Feigl et al., 2011b; Kankipati et al., 2011; Nissen et al., 2014), these 
paradigms are not sensitive to dysfunction in early glaucoma (Feigl et al., 2011b). 
Importantly, ipRGC function in glaucoma suspects has not been studied. Selective 
pupillometry using quadrant stimulation, corresponding with arcuate retinal nerve 
fibre loss found in glaucoma, is developed to determine its sensitivity to the presence 
of ipRGC dysfunction in glaucoma suspects and early glaucoma. 
 
Patients with advanced glaucoma exhibit sleep disorders (Gracitelli et al., 2015), and 
a single nucleotide polymorphism (SNP) (P10L) in the melanopsin (OPN4) gene  
interacts with sleep (Roecklein et al., 2012). Another SNP (I394T) has been shown to 
affect the PLR and PIPR amplitudes in healthy people (Higuchi et al., 2013; 
Roecklein et al., 2013). It is not clear how these SNPs interact with sleep quality and 
ipRGC metrics in glaucoma patients. 
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Aims 
 The primary aim of Experiment 3 is to determine ipRGC function in glaucoma 
suspects and established glaucoma patients at various severity stages with the 
pupillometric paradigms optimised by Experiment 1 using quadratic field 
stimulation.  
 The secondary aim is to determine sleep quality and the presence of SNPs 
(I394T and P10L) of OPN4 gene in glaucoma suspects, glaucoma patients, 
and healthy controls to characterise the relationship between sleep quality, 
pupil metrics, and OPN4 SNPs. 
 
Hypotheses 
 IpRGC function measured with selective quadratic pupillometry can 
differentiate glaucoma suspects and established glaucoma from healthy 
control eyes. 
 Glaucoma patients with the risk allele of OPN4 SNPs have more pronounced 
sleep disorders and lower peak pupil constriction and PIPR amplitudes.
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Chapter 3: Experimental Methods 
This chapter describes the design and calibration of the custom-built and commercial 
pupillometers used in the thesis experiments, the mathematical modelling of the 
pupil light reflex data, the methods of sleep quality assessment, and participant 
genotyping. 
 
 
3.1 MAXWELLAIN VIEW, OPEN-LOOP PUPILLOMETRY 
A pupillometer was custom built in the Visual Science and Medical Retina 
Laboratories to measure the PLR in participants in Experiment 1A, 1B, and 3. The 
optical system was a Maxwellian view arrangement (Beer, MacLeod, & Miller, 
2005; Westheimer, 1966) consisting of seven 5 mm light emitting diode (LED) light 
sources [wavelengths (λmax): 409, 464, 508, 531, 592, 638, and 658 nm] imaged in 
the pupil plane of one eye via two Fresnel lenses (100 mm diameter, 127 mm and 70 
mm focal lengths; Edmund Optics, Singapore) and a 5º light shaping diffuser 
(Physical Optics Corp., Torrance, CA, USA) (Fig. 3.1). The image of the other eye 
reflected by two mirrors, each inclined at 45º, was recorded using an infrared LED 
illumination (λmax = 851 nm) and a PixeLINK camera (IEEE-1394, PL-B741 Fire 
Wire, 640 x 480 pixels, 60 frames/s; PixeLINK, Ottawa, ON, Canada) through a 
telecentric lens (Computar 2/3ʺ 55 mm and 2 X extender C-Mount; Computar, 
Singapore). The stimulus presentation, pupil recording, and analysis were controlled 
by custom Matlab software (version 7.12.0, Mathworks, Nitick, MA, USA). 
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Figure 3.1. The Maxwellian pupillometry apparatus 
Seven light emitting diodes (LEDs) are placed on a rotatable wheel at the focal plane of the first 
Fresnel lens (F1) when aligned. The LEDs project divergent light rays (arrows) to F1, which makes the 
rays parallel after refraction. The parallel rays are converged by the second Fresnel lens (F2) to the 
pupil plane of one eye positioned at its focal plane. The image of the other eye illuminated by the 
infrared (IR) LED and reflected by two mirrors (M) is recorded by the IR camera (C). An aperture (A) 
placed at the focal planes of F1 and F2 controls the field of view of the system. The 464 nm and 658 
nm LED lights (solid symbols) were used in Experiment 1B and 3; five LEDs were used in 
Experiment 1A. 
 
 
3.2 PUPILLOMETER CALIBRATIONS 
3.2.1 Experiment 1 and 3 
Seven narrowband LEDs were used to stimulate the PLR in Experiment 1 and 3. The 
spectral output of the LED stimulus lights was measured with Spectroradiometer 
(StellarNet, Tampa, FL, USA) (Fig. 3.2).  
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Figure 3.2 Normalised spectral output of LED stimulus lights 
Experiment 1A used five LEDs (409, 464, 508, 531, and 592 nm) and Experiment 1B and 3 used two 
LEDs (464 and 658 nm) to measure the pupil light reflex. 
 
A calibrated ILT1700 Research Radiometer (InternationalLight Technologies, Inc., 
Peabody, MA, USA) measured the irradiance output of the LEDs at two distances, at 
the level of the artificial pupil (0 cm) and 3 cm away from the artificial pupil 
(Nygaard & Frumkes, 1982). The irradiance was measured at 0 cm to ensure the 
stimulus light covered the radiometer detector and because this represents the eye 
position during pupillometry. The irradiance was measured at 3 cm to confirm the 
accuracy of the readings at 0 cm. The irradiance readings at 0 cm were used for the 
calculations. All calibrations were conducted in the dark after warming up the 
radiometer for 10 minutes and the instrument was zeroed to the dark light.  
 
Stimulus irradiance was controlled by varying the 8-bit Digital to Analogue 
Converter (DAC) values (0 – 255) using the Matlab software and by manual control 
of the potentiometer (pot) values (0.0 – 9.9 providing a control of irradiance over a 
range of 0.3 log quanta.cm
-2
.s
-1
). For the first calibration measurement, the DAC 
value was set to 255 (maximum output) and the pot value was varied from 9.9 
(maximum) to 0.0 (minimum) in ascending and descending orders for both distances  
(0 cm and 3 cm) and for both short and long wavelengths. In the second 
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measurement, the pot value was set to maximum (9.9) and the DAC value was varied 
from 1 (minimum) to 255 (maximum) in ascending and descending order. The 
corresponding irradiance readings were recorded from the radiometer. Three 
measurements were taken and averaged for each combination of the DAC and pot 
value. 
  
The conversion from the radiometric unit of power (Watts.cm
-2
.s
-1
) to the 
actinometric unit of quanta (quanta.cm
-2
.s
-1
) is explained in the following. The 
relationship between quanta (Φ) and radiant power (φ) is given by 
Φ = φ * /hc                        Equation 3.1 
where  is wavelength in metres, h is Planks constant (6.626 x 10-34) and c is the 
speed of light (2.998 x 10
8
 m.s
-1
). For a point light source, quanta flux (quanta.s
-1
) 
and radiant power (Watts) are related to irradiance (Watts.m
-2
.s
-1
) and quanta 
irradiance (quanta.cm
-2
.s
-1
) by 
φ = ER * A                        Equation 3.2 
and 
Φ = Eq * A                        Equation 3.3 
where ER is irradiance, Eq is quanta irradiance and A is the area of the surface that 
receives light. By combining equations 3.1, 3.2, and 3.3, 
ER = Eq * hc/                        Equation 3.4 
A linear trendline was fitted to the irradiance as a function of the DAC and pot value 
by minimising the sum of the squares of the errors and Equation 3.5 was used to 
calculate the corresponding DAC and pot values for required irradiance levels. 
y = mx + c                        Equation 3.5 
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where y is the irradiance, x is the pot value in the first measurements and the DAC 
value in the second measurements, and m and c are the slope and the intercept of the 
linear trendline, respectively.
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Figure 3.3. Irradiance calibration for Experiment 1 and 3 
Mean (± SD) irradiance outputs of the seven LED stimulus lights used in Experiment 1 and 3. The 
dominant wavelengths of the LEDs are given in the upper right panel. 
 
Based on the data in Figure 3.3 and Equation 3.5, the DAC and the pot values for 
each level of irradiance were calculated. The pot values mediate fine control of 
irradiance over a range of 0.3 log quanta.cm
-2
.s
-1
. For irradiances lower than 13.1 log 
quanta.cm
-2
.s
-1
, appropriate calibrated neutral density (ND) filters (Table 3.1) (50.8 
mm
2
, Ealing Catalog Inc., Rocklin, CA, USA) were used to generate the required 
stimulus irradiances at 10.1, 11.1, and 12.1 log quanta.cm
-2
.s
-1
. 
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Table 3.1. Calibration of the neutral density filters used to attenuate the 
irradiance for 464 nm and 658 nm light emitting diodes (LEDs) in Experiment 1   
 
 
 
3.3 THE EFFECT OF FIXATION ON MEASURED PUPIL SIZE 
3.3.1 Introduction 
In order to determine the duration of the PIPR in human observers, the protocols for 
Experiment 1B involved pupil recordings for up to 11 minutes, which could result in 
change in fixation that in turn may introduce errors in the estimated pupil size. The 
design of the pupillometer does not allow a fixation marker to be placed in the 
system because there can be no illumination during the post-stimulus recordings 
(after light offset). It is known that as the eye fixates away from the centre, the 
recorded pupil appears elliptical to the plane of the IR camera and causes a decrease 
in the estimated pupil diameter (Mathur, Gehrmann, & Atchison, 2013). The aim of 
this pilot experiment is to determine the robustness of the algorithm for determining 
pupil size to changes in fixation. The custom analysis protocols recorded the eye 
movements during the testing and it calculated the effect of eye movements on the 
estimated pupil size. 
 
3.3.2 Methods 
Five repeated measurements were conducted on two participants (a 30 year old 
female and a 30 year old male) with healthy eyes confirmed with a comprehensive 
eye examination. A fixation grid was placed on the Fresnel lens (F2) of the 
pupillometer (see Fig. 3.1). The fixation grid had six black circular fixation points   
(< 0.5 mm diameter) ranging from 0 mm (central fixation) to 10 mm in the visual 
Theoretical Optical Density 
(log10) 
Measured Optical Density 
(log10) 
464 nm 658 nm 
0.3 0.287 0.273 
0.5 0.499 0.477 
0.6 0.569 0.552 
1.0 0.999 1.021 
2.0 1.825 1.697 
3.0 3.313 2.886 
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field at 2 mm intervals visual angle (Fig 3.4A). The participants’ task during the 
pupil recording was to fixate at each point for 10 s and then return to and fixate at the 
centre ‘0’ position for 10 s before shifting fixation to the next eccentric point (Fig. 
3.4B).  
                           
Figure 3.4. Paradigm to study the effect of eye position on estimated pupil size 
(A) Fixation grid on the Fresnel lens; the “0” indicates the centre of fixation. (B) Fixation patterns for 
the right eye. The numbers in brackets show the time when the fixation was shifted to the 
corresponding position and the arrows indicate the fixation patterns. 
 
The farthest eccentric eye position was chosen as 10 mm away from the centre 
because beyond this eccentricity the pupil could not be tracked by the software due 
to the infrared light source not sufficiently illuminating the pupil (Fig. 3.5). The left 
eye pupil was dilated with 1% Tropicamide (Minims; Chauvin Pharmaceuticals Ltd., 
Romford, UK) to ensure that the pupil diameter was constant during the experiment. 
The pupil size was measured at the start and the end of the experiment and did not 
change during the recording sessions. 
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Figure 3.5. Effect of eye position on the infrared (IR) illumination 
(A) The iris and pupil are evenly illuminated with the IR LED when the left eye is fixating at the 
centre of the optical axis. (B) The iris and pupil are not evenly illuminated when the eye position is 12 
mm away from the centre of the optical axis; note the hot spot on the sclera (arrow). 
 
3.3.3 Results 
The pupil diameter (mm) for the two participants gazing at different fixation 
positions as a function of time (s) is shown in Figure 3.6. The average of five 
repeated measurements for each participant is reported. 
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Figure 3.6. Pupil diameter with variable fixation 
Pupil diameter of two participants at different eye fixation positions (0 mm – 10 mm eccentricity). 
The filled rectangular areas indicate the pupil diameter at the origin (0). Note that the pupil diameter 
differs in both participants while fixating centrally (0) (dashed blue lines, Participant 1 and dashed red 
lines, Participant 2). 
  
Chapter 3: Experimental Methods 51 
 
Figure 3.7 shows the eye movements measured in the pupillary plane by the 
software. There was some movement recorded even in the central fixation for both 
participants. For all eccentricities, the movement along the vertical plane was within 
0.4° at the infrared (IR) camera plane. The intra-individual coefficient of variation 
for central fixation was 0.004 and 0.008 for Participant 1 and 2, respectively.  
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Figure 3.7. Fixation pattern while gazing at different eccentricities 
Fixation pattern (mm) in the pupillary plane with changing fixation corresponding to the infrared 
camera plane. Panel A and B show the data of Participant 1 (30 year old female) and Participant 2 (30 
year old male), respectively. The fixation patterns are indicated in the coloured circles:  0 (blue), 2 
mm (red), 4 mm (orange), 6 mm (green), 8 mm (purple), and 10 mm (pink). 
 
The deviation in the pupil size (mm) while fixating at an eccentric point was defined 
as the difference between average pupil diameter at an eccentric fixation position and 
the baseline pupil diameter at the respective origin (0 position) immediately prior to 
the eccentric position. The deviation increased with increasing eccentricity of 
fixation. The mean ± SD deviation was 0.003 ± 0.034 mm at 2 mm eccentricity and it 
increased to -0.113 ± 0.024 mm at 10 mm eccentricity (Fig. 3.8). The negative value 
indicates that the pupil diameter became smaller with off-axis fixation.  
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Figure 3.8. Pupil diameter changes with eccentric fixation 
Change in the recorded pupil diameter with change in fixation eccentricity. Negative values indicate 
that the pupil diameter with eccentric fixation is less than that with central fixation. All data points of 
Participant 1 and Participant 2 are horizontally offset from the average.   
 
 
3.3.4 Discussion and Conclusion 
The recorded pupil size reduces when the fixation is eccentric to the optical axis of 
the optical system. It was demonstrated that with a 10 mm fixation eccentricity 
(equivalent to 8.13º), the decrease in estimated pupil diameter was -0.113 mm (± 
0.024), which is negligible in the context of the experiment. The pupil size at the 
origin (0) also changed over time. The variation in fixation could involve change in 
convergence and accommodation as well as involuntary miniature eye movement 
that can vary fixation in the order of six minutes of arc (Steinman, Haddad, 
Skavenski, & Wyman, 1973). Our data showed fixation variation in the order of 20 
minutes of arc while fixating centrally. Considering this result, we decided to discard 
pupil data if the eye movement was more than 8.13º. The participants in all the 
following experiments had eye movement within 5˚ in reference to the IR camera 
plane, which may have introduced a small error of ≤ 0.07 mm in the estimated pupil 
diameter.  
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3.4 NEWTOWNIAN VIEW, CLOSED-LOOP PUPILLOMETRY  
The pupil light reflex was measured in Experiment 2 using a commercially available 
pupillometer, the RAPDx pupillographer (Fig. 3.9) (Konan Medical USA, Inc., 
Irvine, CA) that was custom programmed to measure the PIPR. This development 
was based on the pupillometric protocols optimised in Experiment 1 and translated to 
a commercial pupillometer for use in a clinical setting to measure the PIPR. The 
RAPDx was originally designed to measure the relative afferent pupil defect (RAPD) 
and presents bluish and reddish light stimuli in Newtonian view with a 25° field of 
view using a liquid crystal display (LCD) with a 40 Hz frame rate. There is a green 
cross in the centre of the field which is viewed by the observer at infinity through a 
pair of 50 mm objective lenses during pupillometry procedure (Konan Medical USA, 
Inc., Irvine, CA). The test stimulus is presented to one eye and the PLR of both eyes 
is recorded under infrared illumination. 
 
      
Source: http://www.konanmedical.com/rapdx 
 
The spectral, radiometric, and photometric outputs of the stimuli were measured with 
a Spectroradiometer (StellarNet, Tampa, FL, USA) and an ILT1700 Research 
Radiometer (InternationalLight Technologies, Inc., Peabody, USA); the spectral 
outputs are shown in Figure 3.10. The monochromatic stimuli included 1 s and 10 s 
pulses of blue light (short wavelength, max = 448 nm, corneal irradiance: 14.5 log 
Figure 3.9. RAPDx commercial pupillometer used in Experiment 2 
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quanta.cm
-2
.s
-1
, luminance: 1.3 log cd.m
-2) with high melanopsin excitation (609.8 α-
opic lux) and red light (long wavelength, max = 604 nm, corneal irradiance: 14.4 log 
quanta.cm
-2
.s
-1
, luminance: 1.0 log cd.m
-2) with low melanopsin excitation (9.7 α-
opic lux). Further details will be given in Chapter 5. 
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Figure 3.10. Normalised spectral outputs of the short and long wavelength 
stimuli in the RAPDx pupillometer used in Experiment 2 
 
The RAPDx pupillometer did not produce large PIPR amplitudes due to lower 
stimulus irradiance and the peak spectrum of the bluish stimulus shorter than 
melanopsin peak sensitivity (~ 482 nm). In addition, the illuminated background 
might have caused ipRGC adaptation and attenuated the PIPR amplitude (Joyce, 
Feigl, & Zele, 2016a) potentially because of an unknown melanopisn-mediated 
process that also attenuates the PIPR amplitude with increasing stimulus duration 
(Adhikari et al., 2015b; Münch et al., 2012; Park et al., 2011). The spectral outputs of 
the two primaries are also broader (half maximum band width: 51 nm for the reddish 
stimulus and 19 nm for the bluish stimulus) than in the custom-built system (see 
Figure 3.2). Larger PIPR amplitudes are essential to make a pupillometry paradigm 
sensitive to the presence of any difference between healthy and diseased eyes and 
thus the custom-built Maxwellian view system was used for Experiment 3 with new 
paradigms generated, which will be discussed in Chapter 6. 
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3.5 PUPIL METRICS AND MODELLING THE PUPIL DATA 
The baseline pupil diameter (BPD) was defined as the average pupil diameter over 
10 s pre-stimulus phase and all pupil data points were normalised to BPD. The 
transient PLR was calculated as the maximum percent pupil change from the 
baseline pupil diameter during a time frame of 180 ms – 500 ms after light onset 
(Kardon et al., 2009). The PLR latency was defined as the time point from light onset 
where the pupil attains a constriction of 1% from the immediate baseline which was 
the average of the three frames (601 to 603) immediately preceding the 10 s time 
point. The peak pupil constriction amplitude was defined as the minimum pupil 
diameter during light presentation. The 6 s PIPR amplitude was determined as the 
pupil diameter at 6 s after light offset on the exponential model fitted to the PIPR 
phase. The PIPR duration was determined as the time (difference between the first 
time point after light offset when the pupil diameter becomes equal to the BPD and 
the sum of pre-stimulus + stimulus period) taken by the pupil to return to the baseline 
after stimulus offset. The area under curve (AUC) was determined as the area 
between the baseline pupil diameter (BPD) and the absolute pupil diameter (APD) on 
the PIPR curve by Equation 3.6 over a defined time window after light offset (Herbst 
et al., 2011). The AUC early recovery time period was defined from 0 s to 10 s after 
light offset and the AUC late recovery was defined from 10 s to 30 s after light 
offset. 
AUC = ∑ (BPD - APD) 
                       Equation 3.6 
In order to obtain the data for calculating the metrics, the pupil light reflex was fitted 
with linear and exponential models (as per Feigl et al. (2011b), Zele et al. (2011)). 
The first 10 s pre-stimulus phase was fitted with a linear model (y = mx + c) with a 
zero gradient (m = 0) to determine the baseline pupil diameter. The second phase 
starts with the light onset and reaches up to the peak pupil constriction amplitude 
from where the PLR attains a steady state (third phase) till the light offset (see Fig. 
2.4). The second and third phases were fitted with a straight line (y = mx + c), where 
y is the pupil diameter in mm, x is time in s, c is the baseline pupil diameter, and m is 
the slope. ‘mx’ gives the pupil constriction velocity in mm.s-1 for the second phase 
and pupil escape velocity in mm.s
-1
 for the third phase of the PLR. The pupil escape 
was not calculated for 1 s stimuli because there is no observable escape. 
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In the fourth phase, the pupil partially redilates and plateaus to give rise to the PIPR. 
This PIPR phase that starts at stimulus offset was fitted with an exponential model 
described by Equation 3.7 by minimising sums of square differences in Microsoft 
Excel 2010 (Microsoft Corporation) using the Solver analysis tool: 
y = S * Exp (k * x) + P                        Equation 3.7 
where S is a constant, k is the pupil redilation velocity in mm.s
-1
, x is time in s, and P 
is the plateau of the PIPR in mm. The plateau PIPR (mm) was normalised to the 
baseline pupil diameter. 
 
The phase amplitude percentage in Experiment 3 was calculated as the difference in 
peak-to-trough amplitude between the PLR to blue and red sinusoidal stimuli during 
light stimulation. 
 
 
3.6 METHODS FOR ASSESSING SLEEP QUALITY 
All participants of Experiment 3 completed the Pittsburgh Sleep Quality Index 
(PSQI) (Buysse, Reynolds, Monk, Berman, & Kupfer, 1989), a reliable and valid 
method to distinguish “good sleepers” from “poor sleepers” with high diagnostic 
sensitivity (89.6%) and specificity (86.5%) (Backhaus, Junghanns, Broocks, 
Riemann, & Hohagen, 2002; Buysse et al., 1989; Doi, Minowa, Uchiyama, Okawa, 
KIM, Shibui, & Kamei, 2000). The PSQI yields component scales of subjective sleep 
quality, latency, duration, efficiency, disturbances, use of sleeping medication, 
daytime dysfunction, and a global PSQI score as well as estimated typical times for 
going to sleep and waking up across the last month (Buysse et al., 1989). We have 
previously used this method in our laboratories (Zele et al., 2011). 
 
 
3.7 METHODS FOR GENOTYPING 
The saliva was collected from the participants of Experiment 3 using Oragene DNA 
self-collection kit (DNA Genotek Inc., Ottawa, Ontario, Canada) and DNA 
genotyping was performed to detect SNPs (P10L and I394T) within the OPN4 gene 
using established protocols (Feigl, Cao, Morris, & Zele, 2011a; Feigl, Morris, 
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Brown, & Zele, 2012a). DNA extraction and genotyping was done commercially at 
the Genomics Research Centre, Queensland University of Technology. Restriction 
fragment length polymorphism (RFLP) and pyrosequencing methods were used to 
genotype I394T and P10L, respectively. 
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Chapter 5: Experiment 2: Effect of Age and 
Refractive Error on the 
Melanopsin Mediated Post-
Illumination Pupil Response 
(PIPR) 
5.1 ABSTRACT 
Melanopsin containing intrinsically photosensitive retinal ganglion cells (ipRGCs) 
mediate the pupil light reflex (PLR) during light onset and at light offset (the post-
illumination pupil response, PIPR). Recent evidence shows that the PLR and PIPR 
can provide non-invasive, objective markers of age-related retinal and optic nerve 
disease; however there is no consensus on the effects of healthy ageing or refractive 
error on the ipRGC-mediated pupil function. Here we isolated melanopsin 
contributions to the pupil control pathway in 59 human participants with no ocular 
pathology across a range of ages and refractive errors. We show that there is no 
effect of age or refractive error on ipRGC inputs to the human pupil control pathway. 
The stability of the ipRGC-mediated pupil response across the human lifespan 
provides a functional correlate of their robustness observed during ageing in rodent 
models. 
 
 
5.2 INTRODUCTION  
The inner retinal melanopsin expressing intrinsically photosensitive retinal ganglion 
cells (ipRGCs) (Dacey et al., 2005; Provencio et al., 2000) control the Pupil Light 
Reflex (PLR) (Gamlin et al., 2007; McDougal et al., 2010) and mediate extrinsic 
signals from the outer retina (rods and cones) (Berson et al., 2002). The melanopsin 
photopigment has a peak sensitivity at short wavelengths (~ 482 nm; bluish 
appearing light) (Berson et al., 2002; Gamlin et al., 2007; Provencio et al., 2000) and 
entirely drives the post-illumination pupil response (PIPR), the intrinsic response of 
ipRGCs to produce a sustained pupilloconstriction after light offset (Adhikari et al., 
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2015b; Dacey et al., 2005; Gamlin et al., 2007; Markwell et al., 2010). It is now 
known that the PIPR is affected in optic nerve and retinal diseases including 
glaucoma (Feigl et al., 2011b; Kankipati et al., 2011; Nissen et al., 2014), diabetes 
(Feigl et al., 2012b), and age-related macular degeneration (Feigl et al., 2014; 
Maynard et al., 2015). Given that ageing can affect retinal functions mediated via the 
rod and cone photoreceptors including contrast sensitivity (Arden et al., 1978), 
incremental light sensitivity across the visual field (Spry et al., 2001) and dark 
adaptation (Jackson et al., 1999), the effect of ageing on the PIPR requires 
quantification before translation to clinical practice so that age-related changes can 
be differentiated from disease effects. However, the effect of healthy ageing on the 
human PIPR is not clear with two studies in eyes without disease showing opposing 
results. Kankipati et al. (2010) infer that the PIPR amplitude is independent of age 
using the plateau PIPR metric; Herbst et al. (2012) infer that the PIPR amplitude is 
enhanced with age using the area under curve (AUC) metric. Hence, the primary aim 
of this study is to determine the effect of age on the PIPR for all current metrics. To 
optimise the PIPR measurement for clinical use, this study also compares the PIPR 
amplitude and variability between the direct and consensual pupil responses, and 
with dilated and undilated test eyes. 
 
Form deprivation myopia in animals is associated with a reduction in retinal 
dopamine (Iuvone et al., 1991; Junfeng et al., 2010; Stone et al., 1989) and dopamine 
agonist administration inhibits this myopia development (Iuvone et al., 1991; 
Junfeng et al., 2010; Nickla et al., 2010; Rohrer et al., 1993) suggesting that retinal 
dopamine may have antimyopiagenic effects. Outdoor light exposure and high levels 
of ambient illumination might be protective against myopia in children (Rose et al., 
2008; Siegwart Jr et al., 2012; Smith III et al., 2012), and there is speculation that 
ipRGC signalling may be involved in retinal dopamine production (Norton et al., 
2013; Phillips et al., 2012) to mediate this antimyopiagenic effect. We hypothesise 
that if melanopsin function is associated with refractive error, and this association 
can be quantified with the PIPR, then the ipRGC-controlled PIPR will vary with 
myopic refractive error. The secondary aim of this study is therefore to determine the 
effect of refractive error on the PIPR. 
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5.3 METHODS 
5.3.1 Participants 
A total of 63 healthy participants were recruited using a purposive sampling 
methodology; four participants were excluded from the study because they had a 
cataract > Grade 2 (LOCS III) and visual acuity worse than 6/9.5. Thus, the data 
from 59 participants were analysed. None of the participants was taking any 
prescription medication known to affect the pupil light response. All 59 participants 
had a visual acuity of 6/9.5 or better (Bailey-Lovie Log MAR Chart), normal contrast 
sensitivity (Pelli-Robson Chart), normal colour vision (Lanthony Desaturated D-15 
Test), an intraocular pressure of < 21 mmHg (tonometer, iCare Finland Oy, Helsinki, 
Finland), and normal central retinal thickness (RS-3000 OCT RetinaScan Advance; 
Nidek Co., Ltd., Tokyo, Japan). Anterior and posterior eye examination using slit 
lamp biomicroscopy and funduscopy revealed no pathology. Lens grading was 
conducted according to the Lens Opacities Classification System III (LOCS III) 
guideline (Chylack, Wolfe, Singer, Leske, Bullimore, Bailey, Friend, McCarthy, & 
Wu, 1993) and all participants had a lens grading of ≤ 2; five participants had a 
LOCS grade 2 cataract and eight participants had a LOCS grade 1 cataract. There 
was one participant with an IOL and his PIPR amplitude was in the range of the 
other participants. Refractive error status of the participants was obtained from an 
optometric examination performed within a month prior to the pupil testing. 
Emmetropia was considered as a mean spherical equivalent refractive error between 
+0.50 to -0.50 D (Wensor, McCarty, & Taylor, 1999). All experiments were 
approved by the Queensland University of Technology (QUT) Human Research 
Ethics Committee (approval no: 080000546) and performed in accordance with their 
guidelines and regulations. The research followed the tenets of the Declaration of 
Helsinki and informed consent was obtained from the participants after explanation 
of the nature of the study.  
 
5.3.2 Pupillometer 
The pupil light reflex was measured using the RAPDx pupillographer (Konan 
Medical USA, Inc., Irvine, CA). This instrument is designed to measure the relative 
afferent pupil defect (RAPD) and new customised paradigms with high irradiance 
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stimuli were developed for measuring the PIPR. The RAPDx presents light stimuli 
with a 25° field of view using a liquid crystal display (LCD) with a 40 Hz frame rate. 
The spectral, radiometric, and photometric outputs of the stimuli were measured with 
a Spectroradiometer (StellarNet, Florida, USA) and an ILT1700 Research 
Radiometer (InternationalLight Technologies, Massachusetts, USA). The 
monochromatic stimuli included 1 s and 10 s pulses of blue light (short wavelength, 
max = 448 nm, corneal irradiance:  14.5 log quanta.cm
-2
.s
-1
,  luminance:  1.3 log 
cd.m
-2) with high melanopsin excitation (609.8 α-opic lux) and red light (long 
wavelength, max = 604 nm, corneal irradiance: 14.4 log quanta.cm
-2
.s
-1
, luminance: 
1.0 log cd.m
-2) with low melanopsin excitation (9.7 α-opic lux). Blue light measures 
the intrinsic melanopsin response and red light measures the outer retina response 
and serves as a control. During pupil recording, the participants fixated on a green 
cross in the centre of the field at infinity through a pair of 50 mm objective lenses 
(Konan Medical USA, Inc., Irvine, CA). The test stimulus is presented in Newtonian 
view to one eye and the PLR of both eyes is recorded under infrared illumination. 
 
5.3.3 Pupillometry Protocol 
All measurements were preceded by 10 minutes dark adaptation in our laboratory   
(< 6 lux). Testing with 1 s light pulses always preceded the 10 s pulses (Fig. 5.1). 
Red and blue stimuli were alternated in all sessions to control for the effect of 
melanopsin bistability (Mure et al., 2007). The order of stimulus presentation was 
therefore: 1 s red, 1 s blue, 10 s red, and 10 s blue. With every stimulus, the baseline 
pupil diameter was measured in the dark during 5 s of fixation before the onset of 
light pulse (1 s or 10 s) and the PIPR was recorded for 40 s after stimulus offset. The 
PLR was measured under two conditions: 1) Undilated; one eye was stimulated and 
both the direct and consensual PLR were recorded and 2) dilated; the stimulated eye 
was dilated with 1% Tropicamide (Minims, Chauvin Pharmaceuticals Ltd., England) 
and the consensual PLR in the fellow eye was recorded. The dilated pupil was 
randomly selected. Measurements were repeated two times. Participants were tested 
between 10 AM and 5 PM to minimise the effect of circadian variation on the PIPR 
amplitude (Münch et al., 2012; Zele et al., 2011).  
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Figure 5.1. Experiment 2 pupillometry stimulus protocol 
Red stimuli (red rectangles) and blue stimuli (blue rectangles) were alternated. The double slash 
before each 5 s pre-stimulus duration indicates a 10 s interval. Measurements were repeated twice; a 
two minutes break was given between the repeats of this sequence. PRE = pre-stimulus duration; 
PIPR = post-illumination pupil response. 
 
5.3.4 Quantification of the PLR and PIPR 
The PLR during light stimulation was quantified using the transient PLR and peak 
pupil constriction metrics described in Table 5.1 and Figure 5.2. The transient PLR is 
predominantly controlled by the outer retina, at least at long wavelengths (Kardon et 
al., 2009) and the peak pupil constriction has been shown to quantify the 
combination of outer and inner retinal inputs depending on stimulus wavelength 
(McDougal et al., 2010). To determine inner retinal ipRGC function, the PIPR after 
light offset was quantified with the four metrics (6 s, plateau, AUC early and late) 
(see Feigl et al. (2014) and Adhikari et al. (2015b) for details of the metrics). The 
metrics were derived from the best-fit of the linear and exponential models to the 
data (Feigl et al., 2011b; Feigl et al., 2012b; Markwell et al., 2010; Zele et al., 2011). 
The baseline pupil diameter (BPD) decreases with age (Hammond, Snieder, Spector, 
& Gilbert, 2000; Kankipati et al., 2010; Winn et al., 1994) and it affects the pupil 
constriction amplitude (in mm) such that a smaller amplitude is observed with a 
smaller BPD (Kankipati et al., 2010) (also see Figure 5.6). To account for this effect, 
the pupil diameter during light stimulation and after light offset was normalised to 
the BPD. The peak pupil constriction and PIPR amplitudes are therefore presented as 
percentage of the BPD.  For the peak constriction amplitude, 6 s PIPR, and plateau 
PIPR, a smaller percentage value indicates a larger pupil response.  
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Table 5.1. Definitions for the PLR metrics during light stimulation and PIPR 
metrics after light offset  
(following Adhikari et al. (2015b)) 
 
*APD = absolute pupil diameter 
 
 
 
 
Metrics Definition and Units 
Baseline pupil diameter 
(BPD) 
Average 5 s pre-stimulus period (mm, %) 
 
 
PLR Metrics 
 
Transient PLR Peak % change from 180 ms – 500 ms after light onset  
(Feigl et al., 2012b; Kardon et al., 2009) 
Peak pupil constriction Minimum pupil size (% baseline) during light presentation 
 
 
PIPR Metrics 
 
6 s PIPR amplitude Pupil size (% baseline) at 6 s after light offset (Feigl et al., 2011b; 
Park et al., 2011; Zele et al., 2011) 
Plateau PIPR Plateau of exponential model (% baseline) (Feigl et al., 2011b) 
AUC early ∑ (BPD - APD)* over 0 s – 10 s after light offset (unitless)  
(Herbst et al., 2011) 
AUC late ∑ (BPD - APD) over 10 s – 30 s after light offset (unitless)  
(Herbst et al., 2011) 
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Figure 5.2. Average pupil trace of 59 participants and the pupil metrics  
Pupil trace showing the average (n = 59 participants; 21-70 years old) pupil light reflex (PLR) during 
presentation of a 10 s, 448 nm (blue) light pulse (14.5 log quanta.cm
-2
.s
-1
; 25° diameter), and the post-
illumination pupil response (PIPR) after light offset. The dark blue trace shows the mean PLR and 
PIPR and light blue traces show the 95% confidence limits of the mean. The temporal sequence of the 
pupillometry protocol is indicated by the filled rectangles positioned along the abscissa. The pupil 
analysis metrics are noted on the trace and defined in Table 1. PRE = pre-stimulus duration; AUC = 
area under curve.  
 
5.3.5 Statistical Analysis 
Statistical data analysis was conducted using GraphPad Prism (GraphPad Software, 
Inc., CA, USA). The effect of age on the PLR and PIPR metrics was the primary 
outcome and the effect of refractive error on the metrics was the secondary outcome. 
Age and refractive error were independent (predictor) variables and the PLR and 
PIPR metrics given in Table 1 and Figure 2 were dependent (outcome) variables. The 
confounding variables due to age-related changes in baseline pupil diameter (BPD) 
and lenticular opacity were controlled by normalising the pupil data to the BPD, 
including a measurement of the consensual PLR with light presented to the dilated 
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fellow eye and excluding the participants with cataract > Grade 2, respectively (see 
‘Participants’ and ‘Quantification of the PLR and PIPR’ sections). Shapiro-Wilk test 
showed all PLR and PIPR metrics were normally distributed and thus statistical 
analyses of the effect of age on pupil metrics were performed with simple linear 
regression models. The statistical significance of this effect was determined on the 
basis of whether or not the slope of the best-fitting linear regression line was 
significantly different from zero using F-test (95% confidence interval, P < 0.05). 
Paired t-test was used to calculate the difference in the PLR and PIPR amplitudes 
between outcome variables (10 s vs 1 s pulses, direct vs consensual PLR, dilated vs 
undilated) and the difference in the 6 s PIPR amplitude between blue and red stimuli 
(P < 0.05). To quantify the variability of the PIPR metrics, the intra- and inter-
individual coefficient of variation (CV) was calculated as standard deviation (SD) 
divided by the mean. Intra-individual CV was based on the difference between the 
repeats for the same participant and inter-individual CV was based on the difference 
among all participants. The difference in intra-individual CV among the PIPR 
metrics was tested with one-way ANOVA (95% confidence interval, P < 0.05, 
Tukey’s test for post-hoc analysis, Geisser-Greenhouse correction). To determine the 
effect of refractive status on the PLR and PIPR amplitudes, the difference in the PLR 
and PIPR amplitudes among participant sub-groups classified according to refractive 
status was tested with Kruskal-Wallis test (Geisser-Greenhouse correction) because 
the refractive error data distribution was non-normal. Due to low sample number 
with myopia (n = 13) and hyperopia (n = 3), the refractive error and pupil data were 
bootstrapped using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA) 
(Rochowicz Jr, 2010). Thirty nine original samples were used to create 1560 
bootstrap replication estimates according to the recommendation by Davison & 
Hinkley (1997). Refractive error bootstrapped estimates ranged from -2.25 D to 
+0.25 D, representing 84.6% of the original sample.  
 
 
5.4 RESULTS 
A total of 59 participants (40 female, 19 male) were included in this study with an 
age range between 21 to 70 years (mean age ± SD: 43.7 ± 14.4 years) and there was 
equal distribution of participants in each age decade. The mean ± SD central retinal 
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thickness was 272.72 ± 24.02 µm and the slope of the regression line (Fig. 5.3) was 
not significantly different from zero indicating that the central retinal thickness is 
independent of age in agreement with literature reports (Sabates, Vincent, Koulen, 
Sabates, & Gallimore, 2011; Sung, Wollstein, Bilonick, Townsend, Ishikawa, 
Kagemann, Noecker, Fujimoto, & Schuman, 2009). 
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Figure 5.3. Relationship between age and the central retinal thickness (n = 59 
participants)  
The solid line indicates the best-fitting linear regression. The F-value indicates the slope of the 
regression line does not change as a function of age. 
 
Table 5.2 presents the descriptive data on the effect of outcome variables on the PLR 
and PIPR; the 10 s pulses produce both larger peak pupil constriction and PIPR 
amplitudes than 1 s pulses with blue lights under fellow eye pupil dilation when the 
stimuli are presented in Newtonian view. The undilated direct and consensual pupil 
responses for the PLR and PIPR metrics with 10 s pulses were not significantly 
different. With fellow eye pupil dilation, the consensual PLR and PIPR amplitudes 
were significantly larger than with undilated pupils as expected. The intra- and inter-
individual coefficients of variation (CV) however, were independent of the testing 
conditions (10 s and 1 s light pulses, direct and consensual response, and dilated and 
undilated conditions). Due to commonality of the patterns of the 1 s and 10 s data as 
well as dilated and undilated data, the following analyses focus on the consensual 
pupil response to the 10 s stimulus presented to the fellow dilated eye.  
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Table 5.2. Comparison of the PLR and PIPR amplitudes and coefficients of 
variation (CV) with blue lights between outcome variables: 10 s and 1 s pulses, 
direct and consensual pupil response, and dilated and undilated pupils 
 
 Peak Pupil Constriction 6 s PIPR 
 Amplitude  
(% Baseline) 
Intra-
individual 
CV 
Inter- 
individual CV 
Amplitude 
(% Baseline) 
Intra-
individual CV 
Inter-
individual CV 
Consensual 
10 s vs 1 s 
(Dilated) 
55.28±6.15 vs 
61.11±5.32 
(P<0.001)* 
0.04±0.03 vs 
0.05±0.06 
(P=0.47) 
0.09 vs 0.10 91.55±3.64 vs 
92.74±3.36 
(P<0.001)* 
0.03±0.03 vs 
0.03±0.02 
(P=0.44) 
0.04 vs 0.04 
Direct vs 
Consensual 10 s 
(Undilated) 
57.22±7.22 vs 
57.97±6.00 
(P=0.70) 
0.07±0.20 vs 
0.05±0.06 
(P=0.31) 
0.12 vs 0.10 91.65±3.59 vs 
91.55±3.64 
(P=0.68) 
0.03±0.03 vs 
0.03±0.02 
(P=0.06) 
0.04 vs 0.04 
Dilated vs 
Undilated 10 s 
(Consensual) 
55.28±6.15 vs 
57.97±6.00 
(P<0.001)* 
0.05±0.06 vs 
0.05±0.06 
(P=0.94) 
0.11 vs 0.10 87.78±4.62 vs 
91.55±3.64 
(P<0.001)* 
0.03±0.02 vs 
0.03±0.02 
(P=0.36) 
0.05 vs 0.04 
*Statistically significant 
 
During light stimulation, the slopes of the regression lines describing the transient 
PLR and peak pupil constriction data were not significantly different from zero for 
red and blue lights indicating that these metrics are independent of age (Fig. 5.4). We 
determined the relationship between age and the post-illumination pupil response 
(PIPR) for four PIPR metrics (Fig. 5.5). Blue pulses produced a significantly larger 6 
s PIPR amplitude than red pulses (Paired t-test: t(57) = 20.07, P < 0.001) due to the 
higher melanopsin excitation with the short wavelength (blue) light. The slopes of 
the regression lines were not significantly different from zero for any PIPR metric 
indicating the PIPR amplitude is independent of age. 
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Figure 5.4. Ageing and the PLR metrics 
Relationship between age and the transient PLR (upper panels) and peak pupil constriction (lower 
panels) (n = 59 participants). The red and blue circles indicate the response with red and blue lights, 
respectively; and the solid lines show the best-fitting linear regressions. The F-values indicate the 
slopes of the regression lines do not change as a function of age. 
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Figure 5.5. Ageing and the PIPR metrics 
Relationship between age and the PIPR metrics (6 s PIPR, Plateau PIPR, AUC Early, and AUC Late 
recovery) (n = 59 participants). The red and blue circles indicate the response with red and blue lights, 
respectively; and the solid lines show the best-fitting linear regressions. The F-values indicate the 
slopes of the regression lines do not change as a function of age. 
 
The baseline pupil diameter (BPD) measured in the dark decreases significantly with 
age in agreement with previous studies (Fig. 5.6A) (Hammond et al., 2000; 
Kankipati et al., 2010; Winn et al., 1994). The BPD decreases during ageing by 
0.045 mm per year, similar to a previously reported reduction rate of 0.043 mm per 
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year (Winn et al., 1994). We further confirm a previous report (Kankipati et al., 
2010) that the PIPR amplitude with blue lights increases significantly with increasing 
BPD (r
2 
= 0.130, P = 0.01) validating use of percentage (%) BPD to describe the 
PLR and PIPR metrics (Fig. 5.6B). 
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Figure 5.6. Age, baseline pupil diameter, and the PIPR 
Relationship between the baseline pupil diameter (mm) and age (Panel A) and the 6 s PIPR (Panel B) 
(n = 59 participants). The 6 s PIPR is given in mm (not % baseline as in the other figures) and a larger 
value indicates a larger PIPR. The F-values indicate the slopes of the regression lines are significantly 
different from zero. 
 
The refractive status of 39 participants was known and the refractive error ranged 
from +3.00 D to -9.25 D (spherical equivalent). Due to a small sample of refractive 
errors, we bootstrapped the data to obtain an estimate of the sampling distribution for 
regression analysis (see ‘Statistical Analysis’ section). The slopes of the best-fitting 
linear regression lines to the bootstrapped data (Fig. 5.7C) were not significantly 
different from zero indicating that the peak constriction and 6 s PIPR metrics have no 
relationship to refractive error. To determine the effect of refractive error status on 
the PLR and PIPR amplitudes, the participants were divided into three sub-groups on 
the basis of refractive error: emmetropes (< ±0.5 D) (n = 23), hyperopes (≥ +0.5 D) 
(n = 3), and myopes (≥ -0.5 D) (n = 13) (Fig. 5.7B). Between the sub-groups, there 
was no significant difference in the peak pupil constriction amplitude (Kruskal-
Wallis test; blue light: H = 0.77, P = 0.68; red light: H = 0.35, P = 0.84) or the 6 s 
PIPR amplitude (blue light: H = 1.84, P = 0.40, red light: H = 4.36, P = 0.11). The 
transient PLR (data not shown) was also unaffected by refractive status. 
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Figure 5.7. Refractive error and the pupil metrics 
Panel A: Scatterplot showing the peak pupil constriction (filled blue circles) and 6 s PIPR amplitude 
(open blue circles) for blue light as a function of refractive error (spherical equivalent, Dioptre, D). 
Panel B: Median ± SD peak pupil constriction (filled symbols) and 6 s PIPR amplitude (open 
symbols) with red (red symbols) and blue (blue symbols) light pulses for myopes (triangles), 
emmetropes (circles), and hyperopes (squares). Panel C: Scatterplot showing the bootstrapped 
estimates (B = 1560) of the data in Panel A; the solid lines indicate the best-fitting linear regressions. 
 
To consider the variability of the PIPR metrics, the intra- and inter-individual 
coefficient of variation (CV) was calculated (Fig. 5.8). The intra-individual CV 
significantly differed among the four PIPR metrics (One-Way ANOVA: F3,196 = 
41.45, P < 0.001). Post-hoc analysis indicated that the intra-individual CV for the 6 s 
and plateau metrics was significantly different to the AUC metrics, with a lower 
variation for the 6 s and plateau metrics compared to the AUC metrics (Fig. 5.8). 
Similarly, inter-individual CV was lower for the 6 s and plateau metrics compared to 
the AUC metrics. 
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Figure 5.8. Intra- and inter-individual coefficient of variation (CV) of the PIPR 
metrics 
Mean ± SD (n = 59 participants) intra- and inter-individual coefficient of variation (CV) of the PIPR 
metrics with blue light; red light showed similar results (not shown). 
 
 
5.5 DISCUSSION 
The primary outcome of this study shows that ageing has no effect on the post-
illumination pupil response (PIPR) indicating that the intrinsically photosensitive 
retinal ganglion cell (ipRGC) inputs to the pupil control pathway show no change 
with age. The 6 s and plateau PIPR metrics showed the lowest intra- and inter-
individual coefficient of variation. The secondary outcome indicates that the PIPR is 
independent of refractive status. 
 
This is the initial study showing the PIPR amplitude (quantified with all current PIPR 
metrics: 6 s PIPR, plateau PIPR, AUC early and late recovery), which is entirely 
driven by the intrinsic response of melanopsin expressing ipRGCs, is independent of 
age (Fig. 5.5). Kankipati et al. (2010) showed that the PIPR quantified with the 
plateau metric is independent of age. On the other hand, Herbst et al. (2012) 
attributed the enhancement of the PIPR with ageing measured via the AUC metrics 
to increased light scattering in the ageing lens such that this scattering might excite 
more ipRGC axonal collaterals thereby leading to a larger PIPR amplitude. In this 
study, the exclusion criteria limited the confounding effect of lenticular scattering on 
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ipRGC stimulation by excluding participants with lens opacity > Grade 2 on LOCS 
III. Although the AUC early and late metrics have higher variability compared to 6 s 
and plateau metrics (Adhikari et al., 2015b), we observed in our study with a larger 
sample than the previous two that the PIPR amplitude was independent of age for all 
PIPR metrics. Our finding of no age effect on ipRGC input to the pupil is supported 
by a recent study in healthy rats showing the robustness of ipRGC density and 
dendritic arborization to ageing (García-Ayuso et al., 2015). In addition, ipRGCs 
input to the suprachiasmatic nucleus (SCN) for circadian photoentrainment and it is 
known that the number of the SCN neurons in the rhesus monkey is preserved during 
healthy ageing (Roberts, Killiany, & Rosene, 2012). As such we infer that the 
neuronal function of the olivary pretectal nucleus (OPN), which is the relay to the 
PLR pathway, may also be preserved with ageing, thus stabilising the PLR and PIPR 
amplitudes throughout adulthood. 
 
In accordance with Kankipati et al. (2010), we observed that the PIPR increases with 
increasing baseline pupil diameter (BPD), which decreases with age and thus affects 
the PIPR metrics. We therefore reiterate the importance of normalising pupil data to 
BPD to minimise the variability in the PLR and PIPR incurred due to variable BPD. 
With the Newtonian view used in the commercial pupillometer, the 6 s and plateau 
metrics are more robust to variation than other PIPR metrics in agreement with our 
recent study using a custom built Maxwellian view pupillometer (Adhikari et al., 
2015b).  
 
It has been suggested that reduction in light stimulated pupil size (in mm) with age is 
related to decrease in BPD due to iris atrophy and impaired sympathetic nerve supply 
to iris with age (Loewenfeld, 1999). However, when normalised to BPD, there 
should be no effect of healthy ageing on the peak pupil constriction amplitude as our 
data demonstrate (Fig. 5.4). The transient PLR receives predominant inputs from 
outer retina, at least at long wavelengths (Kardon et al., 2009) where melanopsin has 
low sensitivity (Adhikari et al., 2015b; Gamlin et al., 2007; Markwell et al., 2010), 
and this transient response showed no significant change with ageing for either 
wavelength. This finding indicates that outer retina inputs to the PLR, which are 
mediated extrinsically to the OPN via ipRGCs, are not affected by age either. 
Histological studies in humans demonstrate that while central retinal cone density 
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remains stable during adulthood and central retinal rod density deteriorates with 
ageing (Curcio et al., 1993b), peripheral retinal rod cell density also remains stable 
throughout adulthood (Curcio et al., 1993b). As our stimulus was 25° diameter, any 
deficit in central retinal rods (if present) in older persons would have been masked by 
the contributions from healthy peripheral rods (and cones) because the PLR has large 
spatial summation (Stanley et al., 1995). A smaller stimulus may be more sensitive to 
demonstrate such focal defects (Feigl et al., 2014). 
 
Earlier studies investigating the relationship of refractive error and the light-adapted 
pupil size demonstrate either a weak negative correlation (pupil size is larger in 
myopes and smaller in hyperopes than in emmetropes) (Hirsch et al., 1949) or no 
correlation (Winn et al., 1994). However, these studies did not determine the PLR or 
PIPR and refractive error. Light exposure has been associated with myopia 
development (Siegwart Jr et al., 2012; Smith III et al., 2012) and thus ipRGCs have 
been suggested to be responsible for the production of retinal dopamine (Norton et 
al., 2013; Phillips et al., 2012) that may have antimyopiagenic effects (Iuvone et al., 
1991; Rohrer et al., 1993; Stone et al., 1989); but no study has evaluated the 
relationship between myopia and ipRGC function in humans. We present the first 
report that refractive error (+3.00 D to -9.25 D) has no effect on the PLR during light 
stimulation (described by peak pupil constriction) as well as on the PIPR after light 
offset (described by 6 s PIPR amplitude) (Fig. 5.7). We could not control for pre-
light exposure because we had a cohort with a wide age range, and the measurement 
of short pre-exposure to light (e.g., during a two week period monitored with 
actigraphy) is not likely to be representative of long term light exposure, nor is there 
evidence of short light exposure causing permanent myopic changes in humans. 
 
We found no significant difference between direct and consensual PLR and PIPR 
amplitudes using monochromatic 1 s and 10 s blue and red light pulses in the central 
25° (Table 5.2) although a 6.8% difference between direct and consensual PLR 
amplitudes has been reported in normal population (n = 59 participants, 18 to 67 
years) using 500 ms white light pulses (1.8 mm diameter in the pupil plane) and 
stimulating the nasal retina (Smith et al., 1979). Here, we did not observe a 
significant difference in variability of direct and consensual responses, indicating the 
consensual PLR and PIPR measurement is equally valid as the direct PLR and PIPR 
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measurement, at least in our sample. With the current Newtonian view pupillometer, 
the PLR and PIPR amplitudes measured under dilation are larger than with undilated 
pupil as would be expected due to the higher retinal irradiance (Westheimer, 1966). 
Thus, we recommend that with a Newtonian view pupillometer, the stimulated pupil 
should be dilated to maximise the retinal irradiance and PIPR amplitudes for 
effective differentiation between healthy and diseased eyes in a clinical setting. We 
demonstrate that 10 s pulses produce slightly (1.7 %) larger PIPR amplitudes than 1 s 
pulses. This difference is contextually non-significant considering 0.03 to 0.04 (3% 
to 4%) variation in the PIPR indicating the PIPR amplitude does not increase with 
increasing stimulation duration from 1 s to 10 s due to melanopsin adaptation over 
time, in agreement with our study (Adhikari et al., 2015b). Moreover, this small 
difference can be attributed to a lower corneal irradiance (14.5 vs 15.1 log 
quanta.cm
-2
.s
-1
) and shorter dominant wavelength (448 nm) than melanopsin peak 
sensitivity in the commercial pupillometer compared to our recent study (Adhikari et 
al., 2015b) with a custom optical system (dominant wavelength = 465 nm). 
 
In conclusion, this is the first study showing that ipRGC function measured with all 
current PIPR metrics is unaffected by ageing thus providing a functional correlate of 
their robustness throughout lifespan as observed in rodent in vivo models. We further 
present the initial and novel findings suggesting that the ipRGC controlled PIPR is 
also independent of refractive error. 
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Chapter 6: Experiment 3: The Pupil Light 
Reflex in Glaucoma Suspects 
and Glaucoma Patients 
6.1 ABSTRACT 
It is difficult to detect visual function deficits in patients at risk for glaucoma 
(glaucoma suspects) and at early disease stages with conventional ophthalmic tests 
such as perimetry. To this end, we introduce a novel quadrant field measure of the 
melanopsin retinal ganglion cell mediated pupil light response corresponding with 
typical glaucomatous arcuate visual field defects. The melanopsin-mediated post-
illumination pupil response (PIPR) was measured in 46 patients with different stages 
of glaucoma including glaucoma suspects and compared to a healthy group of 21 
participants with no disease. We demonstrate that the superonasal quadrant PIPR 
differentiated glaucoma suspects and early glaucoma patients from controls with fair 
(AUC = 0.74) and excellent (AUC = 0.94) diagnostic accuracy, respectively. The 
superonasal PIPR provides a linear functional correlate of structural retinal nerve 
fibre thinning in glaucoma suspects and early glaucoma patients. This first report that 
quadrant PIPR stimulation detects melanopsin dysfunction in patients with early 
glaucoma and at pre-perimetric stages may have future implications in treatment 
decisions of glaucoma suspects.  
 
 
6.2 INTRODUCTION 
Primary open-angle glaucoma (POAG) is a leading cause of irreversible blindness 
(Quigley et al., 2006). It causes a progressive and chronic loss of Retinal Ganglion 
Cells (RGCs) and their axons, leading to optic nerve atrophy (AAO, 2010b). 
Standard Automated Perimetry (SAP) is the principle measure of glaucomatous 
visual deficits and the visual field loss correlates with regional RGC loss (Garway–
Heath, Caprioli, Fitzke, & Hitchings, 2000; Kerrigan–Baumrind, Quigley, Pease, 
Kerrigan, & Mitchell, 2000; Quigley, Dunkelberger, & Green, 1989), but significant 
RGC damage occurs before a visual defect is detected (Harwerth, Carter-Dawson, 
Adhikari, P., Zele, A. J., Thomas, R., & Feigl, B. (2016). Quadrant field pupillometry detects melanopsin 
dysfunction in glaucoma suspects and early glaucoma. Scientific Reports, 6, 33373. 
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Shen, Smith, & Crawford, 1999; Hood & Kardon, 2007; Quigley et al., 1989). 
Retinal Nerve Fibre Layer (RNFL) imaging can potentially detect early structural 
changes in glaucoma (Kanamori, Nakamura, Escano, Seya, Maeda, & Negi, 2003) 
that correspond with sectoral visual field deficits (Garway-Heath, Poinoosawmy, 
Fitzke, & Hitchings, 2000; Hood et al., 2007). Together, the visual fields and RNFL 
imaging provide evidence for a preferential vulnerability of the inferior RNFL in 
glaucoma (Jonas, Nguyen, & Naumann, 1989; Kanamori et al., 2003; Zangwill, 
Bowd, Berry, Williams, Blumenthal, Sánchez-Galeana, Vasile, & Weinreb, 2001). 
While the detection of early glaucomatous damage using emerging technologies 
shows promising results (Bach, 2001; Bathija, Zangwill, Berry, Sample, & Weinreb, 
1998; Bayer, Maag, & Erb, 2002; Bowd, Zangwill, Berry, Blumenthal, Vasile, 
Sanchez-Galeana, Bosworth, Sample, & Weinreb, 2001; Brusini & Busatto, 1998; 
Hood, Raza, de Moraes, Liebmann, & Ritch, 2013; Kamal, Viswanathan, Garway-
Heath, Hitchings, Poinoosawmy, & Bunce, 1999; Kanamori et al., 2003; Landers, 
Goldberg, & Graham, 2003; Zangwill et al., 2001), the detection of pre-perimetric 
glaucomatous deficits still remains a challenge. 
 
The discovery of melanopsin (Berson et al., 2002; Gamlin et al., 2007; Provencio et 
al., 2000) expressing intrinsically photosensitive Retinal Ganglion Cells (ipRGCs) 
adds a new dimension to the detection and monitoring of the progression of retinal 
and optic nerve disorders, including glaucoma through pupillometry (Carle, James, 
Kolic, Essex, & Maddess, 2015; Feigl et al., 2011b; Feigl et al., 2014; Feigl et al., 
2012b; Gracitelli et al., 2015; Herbst et al., 2013; Kankipati et al., 2011; Kardon et 
al., 2011; Markwell et al., 2010; Maynard et al., 2015; Münch, Léon, Collomb, & 
Kawasaki, 2015; Nissen et al., 2014; Park et al., 2011; Rukmini et al., 2015) (see 
Feigl & Zele (2014) for review). Five different ipRGC subtypes in transgenic mice 
and two ipRGC subtypes in primates have been identified that differ in morphology 
and project to different brain areas (Feigl et al., 2014; Schmidt et al., 2011a). The 
main subtype of interest for this study is the M1 ipRGC which pre-dominantly 
innervates the olivary pretectal nucleus shell for pupil control (Ecker et al., 2010). 
These inner retinal photoreceptors entirely drive the post-illumination pupil response 
(PIPR) (Adhikari et al., 2015b; Gamlin et al., 2007; Markwell et al., 2010). This 
sustained pupil constriction after light offset matches the spectral sensitivity of 
melanopsin pigment (≥ 1.7 s after light offset) such that it can be used as a direct 
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biomarker of ipRGC function (Adhikari, Feigl, & Zele, 2016; Adhikari et al., 2015b; 
Gamlin et al., 2007; Markwell et al., 2010). The pupil light reflex (PLR) during light 
stimulation is mediated via both outer retinal and inner retinal photoreception with 
the relative photoreceptor contributions depending on stimulus paradigms 
(Barrionuevo et al., 2014; Kardon et al., 2009; McDougal et al., 2010).  
 
Melanopsin function in glaucoma has been assessed by measuring the PLR during 
light stimulation (Carle et al., 2015; Chang et al., 2013; Rukmini et al., 2015) and the 
PIPR after light offset (Feigl et al., 2011b; Gracitelli et al., 2015; Kankipati et al., 
2011; Kelbsch, Maeda, Strasser, Blumenstock, Wilhelm, Wilhelm, & Peters, 2016; 
Münch et al., 2015; Nissen et al., 2014). Focal retinal stimulation pupillometry (Carle 
et al., 2015; Chang et al., 2013; Feigl et al., 2011b; Joyce, Feigl, & Zele, 2016b; Lei 
et al., 2015; Markwell et al., 2010; Park et al., 2015; Tatham et al., 2014; Zele et al., 
2011) is useful for detecting localised damage in ocular diseases including glaucoma. 
In late, but not early glaucoma, there is a relative afferent pupillary defect in the 
quadrant field (Chang et al., 2013; Tatham et al., 2014) and localised changes in the 
PLR are detectable with multifocal stimuli (Carle et al., 2015). The melanopsin-
mediated PIPR is affected in the central visual field in late glaucoma (Feigl et al., 
2011b; Gracitelli et al., 2015; Kankipati et al., 2011; Kelbsch et al., 2016; Münch et 
al., 2015; Nissen et al., 2014), but not in early glaucoma (Feigl et al., 2011b). A 
recent study demonstrated normal PIPR in ocular hypertension (Kelbsch et al., 
2016). The PIPR has not been measured in glaucoma suspects. Based on typical 
glaucomatous arcuate deficits (Harrington, 1965; Heijl et al., 2012) and RNFL 
defects (Kanamori et al., 2003; Zangwill et al., 2001), and evidence that regional 
visual field deficits can be mapped to sectoral optic disc abnormalities in glaucoma 
(Ferreras, Pablo, Garway-Heath, Fogagnolo, & Garcia-Feijoo, 2008; Gardiner, 
Johnson, & Cioffi, 2005; Garway-Heath et al., 2000; Hood et al., 2007), we 
introduce a quadrant field stimulation paradigm using optimised pupillometry 
protocols (Adhikari et al., 2015b) in order to differentiate melanopsin function in 
glaucoma suspects and manifest glaucoma at different severity stages from healthy 
eyes by measuring the PLR and PIPR. Based on evidence that melanopsin 
dysfunction is related to sleep disorders in late glaucoma patients (Gracitelli et al., 
2015) and reports that melanopsin gene (OPN4) variants modulate the pupil response 
and sleep behaviour (Higuchi et al., 2013; Lee et al., 2013; Roecklein et al., 2013; 
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Roecklein et al., 2012), a secondary aim was to investigate if the established OPN4 
variants could affect the PIPR or sleep, independent of the different stages of 
glaucoma. 
 
 
6.3 METHODS 
6.3.1 Participants 
Patients were recruited from the private practice of one glaucoma specialist who 
determined the stage of glaucoma (suspect, early, moderate, advanced). The 
diagnosis of glaucoma suspect and glaucoma followed the American Academy of 
Ophthalmology Preferred Practice Pattern Guidelines (AAO, 2010a, 2010b). The 
diagnosis of POAG was based on the presence of a combination of glaucomatous 
optic disc (diffuse or focal narrowing of the rim, rim notching defined as one clock 
hour of rim loss at the inferior or superior quadrants, disc haemorrhage, rim to disc 
ratio < 0.1 (Spaeth, Henderer, Liu, Kesen, Altangerel, Bayer, Katz, Myers, Rhee, & 
Steinmann, 2002), diffuse or focal nerve fibre layer damage, cup disc ratio > 0.7, 
inter-eye asymmetry of cup disc ratio > 0.2) with confirmed, correlating, and 
repeatable visual field defects on standard automated perimetry (SAP). Primary 
open-angle glaucoma was classified as early (mean deviation; MD < -6 dB), 
moderate (-6 dB ≤ MD < -12 dB), and advanced (MD > -12 dB) on the basis of 
visual field mean deviation according to Hodapp, Parrish, and Anderson 
classification (Hodapp, Parrish, & Anderson, 1993). Glaucoma suspects were defined 
on the basis of the optic nerve changes described above, but no visual field defects 
that correlated with the clinical examination of the optic disc (AAO, 2010a).  
 
We recruited 67 participants in the study: 34 patients with early (n = 22), moderate (n 
= 6), and advanced (n = 6) POAG (age range = 50 – 90 years), 12 glaucoma suspects 
(age range = 50 – 77 years), and 21 healthy controls (age range = 42 – 74 years) (see 
‘Results’ for participant characteristics). As moderate and advanced glaucoma 
patients are known to have a reduced PIPR (Feigl et al., 2011b) (and pupillometry is 
not needed for further differentiation), they were analysed together as the “late” 
glaucoma group (n = 12). Based on a previous study (Feigl et al., 2011b), a sample 
size calculation determined that 12 participants in each sub-group are required to 
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achieve 90% power (effect size = 1.29) (G*Power 3.1) for detecting a significant 
mean difference of 5.8% in the PIPR amplitude between glaucoma suspects/patients 
and healthy controls. 
 
All glaucoma suspects and patients underwent a complete eye examination including 
visual acuity, intraocular pressure (IOP, Goldmann tonometer AT 900, Haag-Streit 
AG, Koeniz, Switzerland), colour vision (Ishihara), slit lamp biomicroscopy, 
ophthalmoscopy, visual field (Humphrey 30-2, Humphrey Field Analyzer, HFA, Carl 
Zeiss Meditec, Inc. Dublin, CA), and optical coherence tomography (OCT) nerve 
fibre layer and disc map (Cirrus-HD OCT, Carl Zeiss Meditec, Inc. Dublin, CA). All 
glaucoma suspects and patients were using IOP lowering topical medications; there 
is a known miotic effect from brimonidine (Brown, Khanani, & McCartney, 2004; 
Kesler, Shemesh, Rothkoff, & Lazar, 2004; Marx-Gross, Krummenauer, Dick, & 
Pfeiffer, 2005; McDonald, Kotb, & Decker, 2001) and travoprost (Gelatt & MacKay, 
2004), whereas bimatoprost (Woodward, Krauss, Chen, Lai, Spada, Burk, Andrews, 
Shi, Liang, & Kedzie, 2001), brinzolamide (Gelatt & MacKay, 2001; Gray, Willis, & 
Morgan, 2003), latanoprost (Ba-Ali, Sander, Brøndsted, & Lund-Andersen, 2015), 
and timolol (Ba-Ali et al., 2015; Katz, Hubbard, Getson, & Gould, 1976; 
Zimmerman & Kaufman, 1977) have minimal (≤ 0.2 mm) or no miotic effects on the 
pupil. The potential effect of any drug mediated miosis on the pupil light reflex 
amplitude was compensated for by normalising the amplitude to the baseline pupil 
diameter (Adhikari, Pearson, Anderson, Zele, & Feigl, 2015a; Daneault et al., 2012). 
Nineteen patients with manifest glaucoma had undergone some kind of surgical 
intervention for glaucoma (trabeculectomy (n = 2), selective laser trabeculoplasty (n 
= 7), and laser peripheral iridotomy (n = 10)); the iris dynamics (PIPR redilation 
velocity) used for determining the PIPR amplitude did not differ between patients 
with and without surgery. There is evidence that the PIPR amplitude increases after 
cataract surgery due to an increased retinal irradiance that enhances ipRGC 
photoreception (Brøndsted, Sander, Haargaard, Lund-Andersen, Jennum, 
Gammeltoft, & Kessel, 2015). A small proportion of our participants in each group 
(one control, two suspects, five early, and four late glaucoma patients) had cataract 
surgery with intraocular lens implants (see ‘Results’). They had normal pupillary 
margins and no sphincter tear and the PLR and PIPR amplitudes were similar to the 
fellow participants with natural lenses indicating cataract surgery had limited or no 
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effect on the pupil results. Participants with ocular pathology other than glaucoma 
were excluded, including any kind of retinopathy or optic neuropathy as well as 
corneal opacities, lenticular opacification > grade 2 (Lens Opacities Classification 
System, LOCS III) (Chylack et al., 1993), and a history of uveitis. 
 
The healthy controls were recruited from a university cohort and age-matched with 
the glaucoma suspects because the primary aim of the study was to detect early 
melanopsin dysfunction in suspects. They had no ocular or systemic pathology, no 
corneal opacity, lenticular opacification < grade 2 (LOCS III), and no history of 
uveitis. Because the PIPR is robust to healthy ageing (Adhikari et al., 2015a; 
Kankipati et al., 2010), exact age matching is not mandatory but was performed to 
enable comparisons with other studies. Absence of ocular pathology was confirmed 
with a complete eye examination as detailed above and including contrast-sensitivity 
(Pelli-Robson Chart) and colour vision (Lanthony Desaturated D-15 test).  
 
Sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI) (Buysse 
et al., 1989). DNA genotyping was performed to detect the OPN4 gene single 
nucleotide polymorphisms (SNPs) P10L and I394T; genotyping followed established 
procedures and as previously performed in our studies (Feigl et al., 2011a; Feigl et 
al., 2012a). 
 
All experimental protocols were approved by the Queensland University of 
Technology (QUT) Human Research Ethics Committee (approval no.: 1400000793) 
and conducted in accordance with their guidelines. The research followed the tenets 
of the Declaration of Helsinki and informed consent was obtained from all 
participants. 
 
6.3.2 Pupillometry 
We designed two new pupillometric stimulus paradigms based on the location of 
Retinal Nerve Fibre Layer (RNFL) defects in glaucoma (Harrington, 1965; Heijl et 
al., 2012; Kanamori et al., 2003; Zangwill et al., 2001): A superonasal field (SNF, 
18.4°, retinal image altitude: 8 mm) and an inferonasal field (INF, 18.4°, retinal 
image altitude: 8 mm) stimulus, both sparing the central 5° (retinal diameter: 2 mm) 
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to avoid the stimulation of the foveal zone devoid of ipRGCs based on their 
anatomical distributions (Dacey et al., 2005; Liao, Ren, Peterson, Marshak, Yau, 
Gamlin, & Dacey, 2016) (Fig. 6.1A). A conventional full field stimulus (41° in 
diameter, retinal image diameter: 17.9 mm) was also applied. The PLR was 
measured in Maxwellian view with a custom-designed pupillometer (see Feigl et al. 
(2011b) and Adhikari et al. (2015b) for details) using 1 s light pulses based on our 
previous research where 1 s pulses produced larger PIPRs than longer (10 s and 30 s) 
stimulus durations (Adhikari et al., 2015b). The stimuli included narrow-band blue 
lights (short wavelength, λmax = 464 nm, 20 nm band-width at half maximum, corneal 
irradiance: 15.5 log quanta.cm
-2
.s
-1
, luminance: 2.9 log cd.m
-2
) with high melanopsin 
excitation (8601.7 α-opic lux (Lucas et al., 2014)) and red lights (long wavelength, 
λmax = 658 nm, 22 nm band-width at half maximum, corneal irradiance: 15.5 log 
quanta.cm
-2
.s
-1
, luminance: 3.1 log cd.m
-2) with low melanopsin excitation (0.5 α-
opic lux); the presentation order was alternated to account for the effect of a 
suggested melanopsin bistability (Mure et al., 2007). In addition to the 1 s pulse, the 
SNF stimulus was also presented as a sinusoidal stimulus (0.5 Hz, 6 cycles, 11.9 s 
duration) to evaluate the interaction between inner and outer retinal inputs to the 
phasic pupil response (Feigl et al., 2014; Joyce et al., 2015; Maynard et al., 2015) 
(Fig. 6.1B).  
 
In all participants, the left pupil was dilated (1% Tropicamide, Minims, Chauvin 
Pharmaceuticals Ltd., Romford, UK) to maintain a constant retinal irradiance and 
was stimulated to measure the consensual PLR of the right eye. All measurements 
were preceded by 10 minutes dark adaptation (< 1 lux) to eliminate the effect of prior 
light exposure on the pupil light response (Adhikari et al., 2015b). The baseline pupil 
diameter was measured in the dark for 10 s before stimulus onset and the PIPR was 
measured for 40 s after stimulus offset. Measurements were repeated twice; the intra-
individual coefficients of variation (CV) of the peak pupil constriction and PIPR 
amplitudes with blue full field stimuli were 0.03 ± 0.03 and 0.10 ± 0.11 (mean ± 
SD), respectively, which are below the recommended acceptance limit for CV 
(Braggio, Barnaby, Grossi, & Cugola, 1996). Pupillometry was performed between 
10 AM and 5 PM to minimise the effects of circadian variation of the PIPR 
amplitude (Münch et al., 2012; Zele et al., 2011). 
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Figure 6.1. Pupillometry stimulus fields and protocol for Experiment 3 
Characteristics of the pupillometry stimulus fields represented in the visual space of the left (test) eye 
(Panel A). Schematic of the pupillometry protocol (Panel B). The pulse and sinusoidal stimulus 
protocols indicated by arrows were common for blue and red stimuli. Blue stimuli (blue rectangles) 
and red stimuli (red rectangles) were alternated and measurements were repeated twice. The double 
slashes indicate a two-minute interval between the tests to allow the pupil return to the baseline 
size(Adhikari et al., 2015b). PRE = pre-stimulus; PIPR = post-illumination pupil response; SNF = 
superonasal field; INF = inferonasal field.  
 
6.3.3 Quantification of the PLR and PIPR 
The PLR during light stimulation was quantified using the transient PLR, peak pupil 
constriction amplitude, time to peak constriction, and phase amplitude percentage 
(PAP) metrics defined in Table 6.1. The PIPR amplitude was quantified with the 6 s 
and plateau PIPR metrics based on previous findings that determined optimum PIPR 
metrics (Adhikari et al. (2015b)). Since both the plateau and 6 s PIPR metrics 
showed similar outcomes, only the 6 s PIPR is presented and subsequently reported 
as the PIPR amplitude.  
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Table 6.1 Definitions for the PLR metrics during light stimulation and PIPR 
metrics after light offset  
(following Adhikari et al. (2015b)) 
 
6.3.4 Statistical Analysis 
GraphPad Prism (GraphPad Software, Inc., CA, USA) was used for statistical 
analysis. Comparisons of the PLR and PIPR metrics were performed between the 
four groups: Healthy controls, glaucoma suspects, early glaucoma, and late 
glaucoma. The data frequency distributions were evaluated with the D’Agostino and 
Pearson omnibus normality test. Normal data were analysed with one-way ANOVA 
(Tukey’s multiple comparisons) and non-normal data were analysed with the 
Kruskal-Wallis test (Dunn’s multiple comparisons) to compare the PLR and PIPR 
between the four (suspect, early, late, and control) study groups (95% confidence 
interval, p < 0.05, Geisser-Greenhouse correction). The pupil metrics are presented in 
Box-and-Whisker plots showing the median, 25% and 75% quartiles, and range of 
the data. The relationship between the PIPR amplitude and mean RNFL thickness or 
visual field MD was evaluated with linear or non-linear regression, respectively and 
the statistical significance of linear regression was determined on the basis of 
whether or not the slope of the best-fitting regression line was significantly different 
from zero using F-test (95% confidence interval, p < 0.05). Receiver operating 
Metrics Definitions and Units 
Baseline pupil diameter Average over 10 s pre-stimulus period (mm, %) 
PLR Metrics 
Transient PLR 
Peak % constriction from 180 – 500 ms after light onset (Feigl et al., 
2012b; Kardon et al., 2009) 
Peak pupil constriction Minimum pupil size during light stimulation (% baseline) 
Time to peak constriction Time to peak constriction amplitude, s (Adhikari et al., 2015b) 
Phase amplitude percentage (PAP) 
% difference in the peak-to-trough amplitude between 465 nm and 658 
nm sine wave stimuli (Feigl et al., 2014; Maynard et al., 2015) 
PIPR Metrics 
6 s PIPR amplitude 
Pupil size at 6 s after light offset (% baseline) (Feigl et al., 2011b; Park 
et al., 2011; Zele et al., 2011) 
Plateau PIPR amplitude 
Plateau of exponential model fit to the post-stimulus pupil data  
(% baseline) (Feigl et al., 2011b) 
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characteristic (ROC) analysis was performed to determine the diagnostic accuracy of 
the PIPR to differentiate glaucoma suspects and established glaucoma patients from 
healthy control participants.  
 
 
6.4 RESULTS 
The clinical characteristics of the 67 participants given in Table 6.2 indicate that 
RNFL thickness and visual field sensitivity were significantly reduced in early and 
late glaucoma patients compared to controls. The results of the statistical analyses are 
included within the Figures. The averaged pupil response traces to the blue stimulus 
with high melanopsin excitation for the controls, glaucoma suspects, early glaucoma 
and late glaucoma participants (Fig. 6.2) show that the mean peak pupil constriction 
and the PIPR amplitudes differed between the groups; detailed results follow. The 
transient PLR (Fig. 6.3) to the 1 s red stimuli was significantly reduced in late 
glaucoma for all field sizes (full field: F3,57 = 3.48, p = 0.02; SNF: F3,60 = 4.02, p = 
0.01; INF: F3,58 = 5.77, p = 0.002) when compared to healthy controls, and with the 
SNF sinusoidal stimulus, but not for the blue stimulus. The peak pupil constriction 
amplitude (Fig. 6.4) was significantly reduced in late glaucoma compared to controls 
with blue (full field: H = 19.09, p = 0.0003; SNF: H = 15.29, p = 0.02; INF: H = 
16.63, p = 0.0008) and red (full field: H = 19.16, p = 0.0003; SNF: F3,61 = 8.83, p < 
0.0001; INF: H = 18.03, p = 0.0004) stimuli for all stimulus fields. With the blue 
quadrant stimuli, the peak constriction was also significantly reduced in early 
glaucoma compared to controls. The time to peak pupil constriction (Fig. 6.5) was 
significantly shorter in late glaucoma compared to controls with the blue full field 
stimulus (H = 10.46, p = 0.02). The phase amplitude percentage (PAP) derived from 
the SNF sinusoidal stimulation was not significantly different between the four 
participant groups (Fig. 6.6). 
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Table 6.2. Clinical characteristics (mean ± SD) of controls, glaucoma suspects, 
and glaucoma patients 
Characteristics Control 
(n = 21) 
Suspect 
(n = 12) 
Early 
(n =22) 
Late 
(Moderate + Advanced) 
( n = 12) 
p-value 
Age (yrs) 
Gender 
58.2 ± 9.2 
3 F, 18 M 
61.7 ± 9.7 
5 F, 7 M 
66.6 ± 10.6* 
11 F, 11 M 
69.0 ± 9.1* 
6 F, 6 M 
0.008 
Visual Acuity 
(logMAR) 
0.01 ± 0.02 0.04 ± 0.08 0.07 ± 0.10* 0.07 ± 0.09* 0.03 
Contrast 
Sensitivity 
1.67 ± 0.10 1.63 ± 0.10 1.63 ± 0.14 1.54 ± 0.15 0.14 
IOL 1 Y, 20 N 2 Y, 10 N 5 Y, 17 N 4 Y, 8 N - 
RNFL Thickness 
(µm) 
86.8 ± 13.7 74.7 ± 10.1 71.9 ± 11.3* 63.5 ± 10.6* 0.0008 
VF MD (dB) -0.61 ± 1.57 -2.20 ± 1.13 -2.71 ± 0.98* -11.58 ± 3.51* < 0.0001 
F, female; M, male; IOL, intraocular lens; Y, yes; N, no; RNFL, retinal nerve fibre layer; VF MD, visual field 
mean deviation  
*Statistically significant difference to controls 
 
 
 
       
 
Figure 6.2. Averaged pupil traces 
Averaged pupil traces for controls (n = 21), glaucoma suspects (n = 12), early glaucoma (n = 22) and 
late glaucoma patients (n = 12) in response to a 1 s, 464 nm, 15.5 log quanta.cm
-2
.s
-1
 light pulse 
(indicated by the blue bar on the abscissa at 0 s) presented in the superonasal quadrant field. The 
shaded areas for the controls and thinner lines for the glaucoma suspects, early glaucoma and late 
glaucoma patients indicate 95% confidence limits (CL) of the mean (µ). The vertical line denotes the 
PIPR amplitude. 
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Figure 6.3. The transient PLR in controls, glaucoma suspects and patients 
The transient pupil light reflex (PLR) plotted as a function of percentage (%) baseline pupil diameter 
with different stimulus field conditions (full field, SNF, INF) for controls (n = 21), glaucoma suspects 
(n = 12), early glaucoma patients (n = 22), and late glaucoma patients (n = 12). Left panels show the 
data for the blue stimulus lights; right panels show the data for the red stimulus lights. A significant 
reduction is demonstrated in response to red stimuli in late glaucoma for all field sizes. Asterisks 
indicate statistically significant difference from controls (*p < 0.05, **p < 0.01, ***p < 0.001). SNF = 
superonasal field; INF = inferonasal field. 
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Figure 6.4. The peak pupil constriction amplitude in controls, glaucoma 
suspects and patients 
The peak pupil constriction amplitude plotted as a function of percentage (%) baseline pupil diameter 
with different stimulus field conditions (full field, SNF, INF) for controls (n = 21), glaucoma suspects 
(n = 12), early glaucoma patients (n = 22), and late glaucoma patients (n = 12). Left panels show the 
data for the blue stimulus lights; right panels show the data for the red stimulus lights. A significant 
reduction in amplitude is evident in response to red and blue lights in late glaucoma for all field sizes 
and for blue lights also in early glaucoma for both quadratic stimuli. Asterisks indicate statistically 
significant difference from controls (*p < 0.05, **p < 0.01, ***P < 0.001). SNF = superonasal field; 
INF = inferonasal field. 
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Figure 6.5. The time to peak constriction in controls, glaucoma suspects and 
patients 
The time to peak pupil constriction amplitude in seconds with different stimulus field conditions (full 
field, SNF, INF) for controls (n = 21), glaucoma suspects (n = 12), early glaucoma patients (n = 22), 
and late glaucoma patients (n = 12). Left panels show the data for the blue stimulus lights; right panels 
show the data for the red stimulus lights. A significantly shorter time to the peak constriction is 
demonstrated in response to blue lights in late glaucoma for the full field stimulus only. Asterisks 
indicate statistically significant difference from controls (*p < 0.05). SNF = superonasal field; INF = 
inferonasal field. 
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Figure 6.6. The phase amplitude percentage in controls, glaucoma suspects and 
patients 
The phase amplitude percentage (PAP) with sinusoidal superonasal field (SNF) stimuli shows no 
significant difference between controls (n = 21), glaucoma suspects (n = 12), early glaucoma patients 
(n = 22), and late glaucoma patients (n = 12). 
 
The melanopsin-controlled PIPR was significantly reduced in early and late 
glaucoma patients compared to controls with the quadrant (SNF: F3,62 = 25.37, p < 
0.0001; INF: H = 42.05, p < 0.0001)  and full field stimulation (H = 37.21, p < 
0.0001) (Fig. 6.7). Importantly, glaucoma suspects exhibited significantly reduced 
PIPR amplitudes with SNF stimuli, indicative of the effectiveness of the quadrant 
field paradigm to detect melanopsin dysfunction. Given that the superonasal field 
PIPR amplitude differentiated melanopsin dysfunction in glaucoma suspects from 
controls, we further compared the superonasal field results with SAP visual fields 
and OCT (RNFL thickness) used in conventional glaucoma screening and 
monitoring. A non-linear model (Hood et al., 2007) best described the relationships 
between visual field MD and mean RNFL thickness, and with PIPR amplitude (Fig. 
6.8A and 6.8B). The superonasal and inferonasal visual field MD also showed non-
linear relationships with the corresponding superonasal and inferonasal field PIPR 
amplitude (Fig. 6.8D and 6.8E). Notably, a linear model best described the positive 
association between mean RNFL thickness and the PIPR amplitude (Fig. 6.8C) 
(Gracitelli et al., 2014). There was no association between IOP and the PIPR. 
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Figure 6.7. The PIPR amplitude in controls, glaucoma suspects and patients 
The post-illumination pupil response (PIPR) amplitude plotted as a function of percentage (%) 
baseline pupil diameter with different stimulus field conditions (full field, SNF, INF) for controls      
(n = 21), glaucoma suspects (n = 12), early glaucoma patients (n = 22), and late glaucoma patients    
(n = 12) shows deficits for all field sizes in early and late glaucoma. Glaucoma suspects exhibit 
superonasal deficits and differ significantly from early glaucoma patients. Asterisks indicate 
statistically significant difference from controls (*p < 0.05, ***p < 0.001, ****p < 0.0001). SNF = 
superonasal field; INF = inferonasal field. 
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Figure 6.8 Relationship between the PIPR, visual field MD, and RNFL thickness  
Scatterplots of mean retinal nerve fibre layer (RNFL) thickness versus visual field mean deviation 
(MD) (A), the post-illumination pupil response (PIPR) amplitude versus visual field MD (B), the 
PIPR versus mean RNFL thickness (C), the superonasal field (SNF) PIPR versus superonasal visual 
field MD (D), and the inferonasal field (INF) PIPR versus inferonasal visual field MD (E) in controls 
(red circles), glaucoma suspects (green squares), early glaucoma patients (blue triangles), and late 
glaucoma patients (purple inverted triangles). Visual field MD has a non-linear relationship with 
RNFL thickness and the PIPR; and lower PIPRs are linearly related to reduced RNFL thickness. Solid 
lines are the best fitting models. 
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The ROC analysis demonstrated that the superonasal PIPR has a fair diagnostic 
accuracy (Sackett, Haynes, & Tugwell, 1985) (AUC = 0.74, p = 0.03) to discriminate 
melanopsin dysfunction in glaucoma suspects from healthy eyes and excellent 
diagnostic accuracy to discriminate early glaucoma (AUC = 0.94, p < 0.0001) and 
late glaucoma (AUC = 0.97, p < 0.0001) from healthy eyes (Fig. 6.9). Based on the 
ROC analysis, PIPR cut-off values were chosen to provide sensitivities > 90% to 
detect melanopsin dysfunction in glaucoma suspects and patients compared to 
controls and the corresponding positive and negative likelihood ratios (LR’s) were 
calculated.  At the selected PIPR cut-off values for glaucoma suspects and patients 
(Table 6.3), the positive LR’s signify ability to cause small to moderate increases in 
the clinical probability of glaucoma whereas the corresponding negative LR’s signify 
ability to cause moderate to large decreases in the clinical probability of glaucoma 
(Parikh, Parikh, Arun, & Thomas, 2009; Sackett et al., 1985). For glaucoma suspects, 
a 25.6% PIPR cut-off value had a positive LR of 2.0 and a negative LR of 0.15; for 
early glaucoma, a 17.0% PIPR had a positive LR of 3.8 and a negative LR of 0.06. In 
late glaucoma, a 13.8% PIPR had a positive LR of 9.2 and a negative LR of 0.09. 
The PIPR values below the cut-off generally resulted in decreased sensitivities and 
increased specificities and likelihood ratios whereas the PIPR values above the cut-
off resulted in increased sensitivities and decreased specificities and likelihood ratios 
as might be expected.  
 
0 2 0 4 0 6 0 8 0 1 0 0
0
2 0
4 0
6 0
8 0
1 0 0
S
e
n
s
it
iv
it
y
 (
%
)
S u s p e c t  v s . C o n tro l
A U C  =  0 .7 4 ,
p  =  0 .0 3
0 2 0 4 0 6 0 8 0 1 0 0
1 0 0  -  S p e c if ic ity  (% )
A U C  =  0 .9 4 ,
p  <  0 .0 0 0 1
E a r ly  v s . C o n tro l
0 2 0 4 0 6 0 8 0 1 0 0
A U C  =  0 .9 7 ,
p  <  0 .0 0 0 1
L a te  v s . C o n tro l
 
Figure 6.9. ROC curves for the PIPR in glaucoma suspects and patients 
Receiver operating characteristic (ROC) curves for the post-illumination response (PIPR) amplitude 
with blue superonasal field (SNF) stimuli demonstrate fair to excellent diagnostic accuracy of the 
PIPR to differentiate glaucoma suspects, early glaucoma, and late glaucoma patients from controls. 
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Table 6.3. Sensitivity and specificity of the superonasal post-illumination pupil 
response (PIPR) in glaucoma 
 PIPR 
Cut Off 
(%) 
Sensitivity Specificity Positive 
Likelihood 
Ratio 
Negative 
Likelihood 
Ratio 
% 95% CL* % 95% CL 
Suspect 25.6 91.7 61.5 to 99.8 55.0 31.5 to 76.9 2.04 0.15 
Early 17.0 95.5 77.2 to 99.9 75.0 50.9 to 91.3 3.82 0.06 
Late 13.8 91.7 61.5 to 99.8 90.0 68.3 to 98.8 9.17 0.09 
          *CL = confidence limits 
 
All participants had normal sleep patterns. However, the TT risk allele of the OPN4 
SNP P10L that has been associated with sleep disturbances was present in only one 
participant (an early glaucoma patient). The peak pupil constriction amplitude and 
the PIPR amplitude did not vary significantly within the OPN4 SNP I394T alleles 
that have been previously linked with lower PIPR amplitudes (Fig. 6.10). 
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Figure 6.10. Interaction between the OPN4 gene SNP I394T and the pupil 
response  
The peak pupil constriction amplitude and the post-illumination pupil response (PIPR) amplitude 
plotted as a function of percentage (%) baseline pupil diameter in participants with the TT, TC, and 
CC alleles of the OPN4 gene single nucleotide polymorphism I394T. 
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6.5 DISCUSSION 
Our results show that selective superonasal quadrant field stimulation can be used to 
detect melanopsin expressing intrinsically photosensitive Retinal Ganglion Cell 
(ipRGC) dysfunction in glaucoma suspects in the absence of perimetric deficits (Fig. 
6.7). Importantly, this new PIPR quadrant stimulation paradigm can differentiate 
melanopsin dysfunction in glaucoma suspects and early glaucoma from healthy 
controls with fair and excellent diagnostic accuracy, respectively (Fig. 6.9). In 
contrast, full field pupillometry stimulation is sensitive only to changes in the 
melanopsin-mediated PIPR in more advanced stages of glaucoma (Feigl et al., 
2011b; Kankipati et al., 2011). The negative likelihood ratios in glaucoma suspects 
and early glaucoma were estimated using cut-off values to provide sensitivities > 
90% and indicate that the PIPR quadrant test may have potential in the important 
clinical decision to rule out disease and to estimate the required frequency of follow 
up for the individual patient (Sackett et al., 1985). 
 
Our finding of reduced PIPR amplitudes with selective superonasal field stimulation 
in glaucoma suspects and early glaucoma is consistent with rodent models of ipRGC 
abnormalities in the early stages of experimental glaucoma (de Zavalía et al., 2011; 
Drouyer et al., 2008; El-Danaf et al., 2015; Vidal-Sanz et al., 2015; Wang et al., 
2008; Zhang et al., 2013) and with the preferential vulnerability of the inferior retina 
in glaucoma in humans (Jonas et al., 1989; Kanamori et al., 2003; Zangwill et al., 
2001). Reduced blood flow resulting from high IOP or reduced arterial pressure can 
lead to ischaemic nerve fibre damage in glaucoma (Robinson, Riva, Grunwald, 
Petrig, & Sinclair, 1986) which is most pronounced in the inferior retina (Jonas et al., 
1989). The inferotemporal RNFL loss is most frequently detected in the OCT in 
glaucoma suspects and early glaucoma patients and has the highest diagnostic 
accuracy for early glaucoma (Kanamori et al., 2003; Zangwill et al., 2001). 
Additionally, the linear relationship between a lower PIPR amplitude and a reduced 
mean RNFL thickness in our study sample (Fig. 6.8C) is in agreement with recent 
studies (Gracitelli et al., 2014; Rukmini et al., 2015). The linear relationship between 
the PIPR and RNFL thickness may therefore have value in the prediction of 
functional deficits based on structural defects. 
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Advanced glaucoma patients with deficits in the central 7° on microperimetry that 
are not evident on Standard Automated Perimetry (SAP), have greater PIPR deficits 
compared to early glaucoma patients (Feigl et al., 2011b). This evidence of ipRGC 
dysfunction in the central retina (Feigl et al., 2011b) and the association between a 
lower PIPR and greater visual field defects in advanced glaucoma (Kankipati et al., 
2011) highlight the importance of developing and refining selective field stimulation 
pupillometry. 
 
The reduced transient PLR to red stimuli in late glaucoma (Fig. 6.3) indicates cone 
dysfunction (Kardon et al., 2009) consistent with evidence of a decrease in cone 
density (Choi, Zawadzki, Lim, Brandt, Keltner, Doble, & Werner, 2010) as 
demonstrated by a reduced photopic a-wave amplitude in the electroretinogram in 
glaucoma patients (Velten, Korth, & Horn, 2001). Though rod loss and dysfunction 
have been reported in glaucoma (Fazio, Heckenlively, Martin, & Christensen, 1986; 
Nork, Ver Hoeve, Poulsen, Nickells, Davis, Weber, Sarks, Lemley, & Millecchia, 
2000), our pupillometry protocol was optimised to measure ipRGC function rather 
than rod function. The stimulus protocol may reveal rod deficits in glaucoma when 
tested at scotopic light levels (Kardon et al., 2009; Markwell et al., 2010). 
 
The peak pupil constriction amplitude (Fig. 6.4) was reduced in late glaucoma in 
agreement with the literature (Chang et al., 2013; Link et al., 2006; Martucci et al., 
2014; Rukmini et al., 2015). With high irradiance short wavelength lights, the peak 
pupil constriction amplitude quantifies both outer and inner retinal contributions to 
the PLR (McDougal et al., 2010) and our finding indicates that these contributions 
are compromised in late glaucoma. In this study, a deficit in the peak constriction 
amplitude became evident in early glaucoma only with the quadrant field blue 
stimulus, and not with the full field, possibly due to the signals from the intact outer 
retina photoreceptors masking the presence of localised ipRGC dysfunction. The 
time to peak constriction with the full field stimulus (Fig. 6.5) was shorter in late 
glaucoma compared to healthy eyes, likely due to ipRGC dysfunction. The ipRGC 
inputs to the pupil control pathway have larger spatial summation areas (Joyce et al., 
2016b; Park et al., 2015) compared to the spatial summation areas of image forming 
vision (Barlow, 1958) and therefore with high irradiance short wavelength lights, 
ipRGCs produce larger constriction amplitudes and delay the time to peak 
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constriction (Adhikari et al., 2015b) compared to rods and cones (Lucas et al., 2003). 
Based on this evidence, we infer that the shorter time to peak constriction in late 
glaucoma with full field short wavelength stimuli is likely due to ipRGC dysfunction. 
We also determined that the inner and outer retinal interactions quantified with the 
phase amplitude percentage (PAP) are not affected in glaucoma (Fig. 6.6). 
 
Our participants did not exhibit sleep disorders as assessed with the PSQI; it is 
possible that sleep disorders may have been detected with polysomnography as 
previously reported (Gracitelli et al., 2015) but this was outside scope of this study. 
While the OPN4 SNP P10L TT genotype has been demonstrated to be associated 
with poorer sleep quality, there was only one patient with the TT risk allele in our 
cohort. We therefore infer that our results of normal sleep behaviour in glaucoma 
patients may in some part reflect the low frequency of the risk allele in our 
participants and the smaller sample of late glaucoma patients. Notably, the I394T 
genotype did not affect any of the pupil metrics (Fig. 6.10), suggesting that this 
OPN4 gene variant was not a contributor to the lower PIPR and PLR responses in the 
glaucoma patients. 
 
Increased PIPR amplitudes have been found to occur in older people due to lens 
scattering (Herbst et al., 2012), however we limited lens scattering by excluding 
patients with lens opacification > 2 (LOCS III). Based on literature evidence, the 
PIPR is robust to healthy ageing in humans (Kankipati et al., 2010) and ipRGC 
density is independent of age in rodent models (Adhikari et al., 2015a; García-Ayuso 
et al., 2015), suggesting that exact age matching is not mandatory. However, if lens 
scatter had affected the PIPR, higher, and not lower PIPR amplitude as found in this 
study, might have been observed. 
 
The primary aim of this study was to determine if the quadrant pupillometry protocol 
can detect a mean difference in melanopsin cell function in glaucoma suspects, early 
glaucoma patients, and controls; the sample size was therefore optimised to examine 
this aim rather than to determine the diagnostic accuracy and as such the reported 
sensitivity and specificity of the PIPR have wide confidence limits (Table 6.3). The 
ROC AUC of 74% in glaucoma suspects is not optimal; studies with larger samples 
are necessary to refine our estimate of the diagnostic accuracy of the quadrant 
  
Experiment 3: The Pupil Light Reflex in Glaucoma Suspects and Glaucoma Patients 126 
pupillometry protocol and a longitudinal study is needed to determine if suspects 
proceed to manifest glaucoma. Nevertheless, the reported point estimates and upper 
end of the confidence limits suggest that the test may have good potential as a 
clinical tool in the detection of pre-perimetric glaucomatous damage and the 
identification of early glaucoma.  
  
In conclusion, we show that the superonasal field melanopsin PIPR measurement can 
detect inner retinal melanopsin dysfunction in glaucoma suspects in line with the 
preferential vulnerability of the inferior nerve fibres in glaucoma. Quadrant 
melanopsin pupillometry provides a linear functional correlate of structural retinal 
nerve fibre thinning in glaucoma suspects and early glaucoma patients, with 
potentially excellent diagnostic accuracy in the latter. It may have future applications 
as a non-invasive and objective clinical tool for monitoring functional changes in 
melanopsin expressing ipRGCs during disease progression, and detecting functional 
pupillometric changes in suspects prior to the onset of perimetric deficits. 
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Chapter 7: Discussion, Conclusions, and 
Future Directions 
This thesis optimised the measurement of the inner retinal melanopsin expressing 
intrinsically photosensitive ganglion cell (ipRGC) mediated post-illumination pupil 
response (PIPR) and translated these pupillometry protocols to an ophthalmic test for 
clinical use in early detection of glaucoma. Spectral sensitivity measurements 
established that all current metrics for quantifying the PIPR closely match the 
vitamin A1 photopigment nomogram confirming that the dark-adapted PIPR is 
entirely driven by ipRGCs irrespective of how it is quantified (Chapter 4); the key 
difference between the PIPR metrics was their level of variability, from low (6 s, 
plateau) to high (redilation velocity, AUC, PIPR duration) coefficient of variation. 
The effect of light stimulus wavelength, irradiance, and duration on the pupil metrics 
that quantify the pupil light reflex (PLR) during light stimulation and the PIPR after 
light offset was evaluated in detail. Pupillometry paradigms (1 s, short wavelength, 
high irradiance) producing the largest PIPR amplitude and analysis metrics (6 s and 
plateau) showing the lowest variability (Chapter 4) were then used to measure 
ipRGC function in glaucoma. There was no effect of healthy ageing or refractive 
error on the inner retinal melanopsin-mediated PIPR or the outer retina mediated 
PLR (Chapter 5). Chapter 6 presented the initial observations that the ipRGC-
mediated PIPR is dysfunctional in the superonasal retina of glaucoma suspects and 
early glaucoma patients compared to healthy eyes, and also the first report of 
pupillometric detection of outer retinal deficits in late glaucoma. Glaucoma patients 
showed normal sleep behaviour; no relationship was observed among the PLR and 
PIPR amplitudes, sleep quality, and the melanopisn gene (OPN4) polymorphisms 
(P10L and I394T).   
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7.1 PUPIL METRICS AND SPECTRAL SENSITIVITY (CHAPTER 4)  
7.1.1 Spectral Sensitivity of the PIPR (Experiment 1A) 
Aim: To determine the spectral sensitivity of the dark-adapted PIPR measured with 
all current metrics: the plateau PIPR, 6 s PIPR, AUC early and AUC late recovery 
to quantify the melanopsin photoreceptor contributions to the PIPR. 
Hypothesis: The dark-adapted PIPR measured with all current PIPR metrics is 
completely described by the vitamin A1 photopigment spectral nomogram. 
 
The PIPR amplitude has been quantified in the literature using four metrics, namely 
the plateau PIPR, 6 s PIPR, and area under curve (AUC) early and late recovery. 
However, the spectral sensitivity of the PIPR has been previously quantified only 
with the plateau metric in response to 10 s light pulses (Gamlin et al., 2007; 
Markwell et al., 2010), and corresponds with the photoresponse of melanopsin 
measured in vitro in non-human primate retinae (Dacey et al., 2005). Since then, a 
broad range of different paradigms has been introduced to measure the PIPR, yet the 
spectral response has not been determined for these conditions. Experiment 1A 
(Chapter 4, Fig. 4.3) demonstrates that the PIPR amplitudes measured with a short 
duration (1 s) incremental pulse and defined by all current metrics (plateau, 6 s, 
AUC) are well-described by the vitamin A1 photopigment spectral nomogram (peak 
at 482 nm); this determines that the dark-adapted PIPR is entirely controlled by 
ipRGCs. The agreement of the PIPR metrics measured at different post-stimulus 
integration windows to the vitamin A1 nomogram indicates that the dark-adapted 
PIPR at any time point (at least between 6 s to 30 s) after light offset is solely ipRGC 
driven. Importantly, it was found that the coefficients of variation between these 
different metrics are not equal, which has implications for applications in a clinical 
setting for early detection of melanopsin dysfunction in disease. 
 
The finding that the dark-adapted PIPR completely matches the melanopsin 
photopigment spectral sensitivity does not necessarily preclude outer retinal 
contributions to this response. It is possible that melanopsin inputs dominate the 
PIPR and mask any minor outer retinal contributions to the PIPR. A new analysis of 
the pupil traces recorded for the PIPR spectral sensitivity (Experiment 1A) shows 
that rods provide significant contributions to the dark-adapted PIPR ≤ 1.7 s post-
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stimulus (Adhikari et al., 2016); however the PIPR > 1.7 s post-stimulus is entirely 
controlled by ipRGCs with nil contributions from rods and cones. Therefore, the 
PIPR measured after 1.7 s can be used as a direct measure of ipRGC function 
without any outer retinal intrusion.  
 
The light-adapted PIPR amplitude is smaller than the dark-adapted PIPR indicating 
that melanopsin light adaptation attenuates the PIPR (Joyce et al., 2016a). This 
attenuation is similar to the reduction in the PIPR amplitude with increasing stimulus 
duration (Adhikari et al., 2015b; Münch et al., 2012; Park et al., 2011) and is 
potentially melanopsin-mediated. However, future spectral sensitivity studies are 
recommended to determine photoreceptor contributions to the light-adapted PIPR; 
this thesis did not explore this further because it was outside the scope of the thesis. 
  
7.1.2 Optimisation of Pupillometric Paradigms for the PIPR Assessment 
(Experiment 1B) 
Aim 1: To evaluate the amplitude and kinetics of the PLR during light stimulation 
and the PIPR after light offset as a function of stimulus duration (1 s, 10 s, and 30 s), 
wavelength (465 nm, 637 nm) and irradiance (corneal: 10.1 to 15.1 log     
quanta.cm
-2
.s
-1
, retinal: 9.8 to 14.8 log quanta.cm
-2
.s
-1
) to determine the stimulus 
protocols producing the largest PIPR amplitude for clinical assessment of outer 
retinal (rod and cone) and inner retinal (ipRGC) contributions to the PLR and PIPR. 
Hypothesis 1: Because high irradiance and long duration light stimuli maximise the 
hyperpolarisation of rods and cones and the depolarisation of ipRGCs, the PLR and 
PIPR increase in amplitude and kinetics with increasing stimulus irradiance and 
duration. 
 
Determination of the stimulus paradigms producing the largest PIPR amplitudes and 
the metrics showing the lowest variability is required to develop effective 
pupillometry protocols to differentiate ipRGC dysfunction in the early stages of 
retinal and optic nerve diseases from healthy eyes. It is known that the PIPR 
amplitude increases with increasing stimulus irradiance and with wavelengths closer 
to the peak melanopsin sensitivity (~ 482 nm) (Gamlin et al., 2007; Markwell et al., 
2010; Park et al., 2011). However, which stimulus duration among the many used in 
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the literature (Table 2.1) produces the largest PIPR amplitude is not clear. 
Experiment 1B determined using all current PIPR metrics in a healthy cohort that the 
stimulus light should be high irradiance (above melanopsin threshold: > 11.0 log 
quanta.cm
-2
.s
-1
), short wavelength (close to peak melanopsin sensitivity ~ 482 nm), 
and short duration (e.g.,  1 s) to produce the largest PIPR amplitudes when 
compared to longer stimulus durations (10 s and 30 s). The finding of larger PIPR 
amplitudes with 1 s pulses compared to the 10 s and 30 s pulses is inconsistent with 
the proposed hypothesis that the PIPR amplitude increases with increasing stimulus 
duration and this difference can be explained by light adaptation of ipRGCs to longer 
stimulus durations (Do et al., 2013) which attenuates their response. Physiological 
recordings of primate retinae show that ipRGCs exhibit peak firing at  2 s – 3 s after 
stimulus onset (Dacey et al., 2005) that gradually decays and plateaus to a continuous 
response for up to 10 hours with prolonged light stimulation (Wong, 2012; Wong et 
al., 2005). With regards to stimulus irradiance, the melanopsin cell photoresponse in 
primates and the PIPR amplitude in humans in response to 10 s incremental pulses 
plateau at ~ 15.0 log quanta.cm
-2
.s
-1
 (Dacey et al., 2005; Gamlin et al., 2007). 
However, the PIPR amplitude data in response to 1 s short wavelength pulses in 
Experiment 1 (Fig. 4.6) show a linear increase with increasing retinal irradiance from 
11.8 to 14.8 log quanta.cm
-2
.s
-1
. Therefore, the critical retinal irradiance where the 
PIPR plateaus may be higher than what has been reported in literature (~ 15.0 log 
quanta.cm
-2
.s
-1
). This critical retinal irradiance should be determined with the 
optimised 1 s pulses in a larger human sample to recommend a minimum standard 
retinal irradiance that produces the largest PIPR amplitude for use in clinical 
measurements of ipRGC function. The protocols that produce larger PIPR 
amplitudes will provide a larger dynamic range that will be more robust to 
attenuation in stimulus retinal irradiance due to lenticular opacities in older persons. 
The transient PLR, which measures the pupil response during light stimulation and 
has been proposed to be driven by the outer retina (Kardon et al., 2009), increases 
with increasing irradiance (Fig. 4.5) but saturates at around 13.0 log quanta.cm
-2
.s
-1
 
possibly because of the saturation of rods and light adaptation of cones. Had there 
been any evidence on the data for inner retinal ipRGC contribution to the transient 
PLR, this response would not have saturated at 13.0 log quanta.cm
-2
.s
-1
 (Fig. 4.5) 
because the ipRGC-mediated PIPR amplitude continues to increase with increasing 
stimulus irradiance up to 14.8 log quanta.cm
-2
.s
-1
 as shown in Chapter 4 (Fig. 4.6). 
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However, to confirm that the transient PLR is entirely controlled by outer and not 
inner retinal photoreceptors, spectral sensitivity measurements are mandatory. Now, 
the question is how the transient PLR can be used to isolate rod and cone function by 
adjusting stimulus irradiance and wavelength, and adaptation level. According to 
Kardon et al. (2009), rod isolation can be achieved by measuring the transient PLR in 
a dark-adapted eye with short wavelength stimuli at irradiances below cone threshold 
(~ 10.0 log quanta.cm
-2
.s
-1
;
 
(Dacey et al., 2005)). On the other hand, cone isolation 
can be achieved with the transient PLR in a light-adapted eye with high irradiance 
long wavelength stimuli where rods are not functional and ipRGCs have minimum 
sensitivity (Kardon et al., 2009). For the light-adapted eye, spectral sensitivity 
measurements are also required to confirm if rods and/or cones contribute to the 
PIPR.  
 
The time to peak pupil constriction amplitude is longer with short wavelength stimuli 
than long wavelength stimuli at high irradiances (> 11.0 log quanta.cm
-2
.s
-1
, 
melanopsin threshold) as a result of increased contributions from ipRGCs to steady-
state pupil response with long duration stimuli (McDougal et al., 2010). Hence, the 
time to peak constriction should shorten when ipRGCs are dysfunctional in disease 
as shown in this thesis in glaucoma patients (Chapter 6, Fig. 6.5).  
 
Aim 2: To determine the dark-adapted PIPR metrics with the lowest intra- and inter-
individual variability.   
Hypothesis 2: Since the PIPR metrics quantify the PIPR either at a moment in time 
(e.g., 6 s PIPR) or over a period of time (e.g., AUC), the integration window 
determines the variability of the metrics. 
 
While five PIPR metrics (redilation velocity, plateau, 6 s, AUC early and late) are 
being utilised to quantify the PIPR (see Table 4.2), the variability of only the plateau, 
6 s, and AUC metrics has been reported (Herbst et al., 2011; Lei et al., 2014, 2015) 
but in different cohorts measured under different experimental conditions. 
Experiment 1B compared the intra- and inter-individual coefficient of variation of all 
current PIPR metrics on a single cohort and showed that the 6 s and plateau PIPR 
metrics have the lowest variability (Chapter 4, Fig. 4.8). It was hypothesised that the 
integration window, over which a metric measures the PIPR, determines its 
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variability. However, the lowest variability was observed with two metrics with 
different integration windows, the 6 s PIPR that quantifies the PIPR at one period in 
time and the plateau PIPR that quantifies the PIPR over an extended period of time 
and together thus indicates that there are some other factors that contribute to the 
PIPR variability. One factor may be the differences in resting membrane potential, 
input resistance, and spike properties of ipRGC subtypes (Sand et al., 2012) that may 
differentially contribute to the PIPR at different time points after light offset. Also, 
melanopsin gene (OPN4) may play a role in the variability of PIPR metrics. Though 
an OPN4 polymorphism I394T has been shown to interact with the PLR and PIPR 
amplitudes in healthy individuals (Higuchi et al., 2013; Lee et al., 2013; Roecklein et 
al., 2013), no such interaction was observed in Experiment 3. However, I394T SNP 
may interact with the PIPR metrics giving rise to the differences in the PIPR metrics’ 
variability. All net PIPR metrics, which are defined as the difference between short 
wavelength and long wavelength responses, showed high degree of variability (> 0.2) 
compared to the PIPR metrics (Appendix 9.1). Net PIPR metrics have been used in a 
few previous studies (Feigl et al., 2011b; Feigl et al., 2012b; Kankipati et al., 2010, 
2011), but we recommend that they should not be used for the clinical assessment of 
the melanopsin-mediated PIPR because of high variability. The rationale behind 
using the net PIPR metrics is based on the proposition that melanopsin does not have 
any sensitivity at long wavelengths and any PIPR produced at long wavelengths is 
outer retina driven, and therefore the difference between short and long wavelength 
responses provides the measurement of pure melanopsin function without any outer 
retinal inputs. However, this is in part dependent on the wavelength of the test lights 
and spectral sensitivity data show that melanopsin has some sensitivity even at long 
wavelengths (~ 600 nm) and that only the dark-adapted PIPR at any wavelength in 
the spectrum is entirely melanopsin driven. Hence, the PIPR amplitude metrics (e.g., 
6 s and plateau) should be used to quantify the melanopsin mediated PIPR rather 
than the net PIPR metrics.  
 
 
7.2 EFFECT OF AGE AND REFRACTIVE ERROR ON THE PIPR 
(CHAPTER 5) 
Aim: To determine the effect of healthy ageing and refractive error on the ipRGC-
mediated PIPR. 
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Hypothesis: The PIPR is independent of ageing and is not affected by refractive 
error status. 
 
Visual functions such as dark adaptation, spatial and temporal contrast sensitivity, 
and incremental light detection sensitivity across the visual field, which are mediated 
by retinal photoreceptors and ganglion cells, degrade in adulthood (Arden et al., 
1978; Jackson et al., 2000; Spry et al., 2001). Therefore, knowledge of the effect of 
healthy ageing on ipRGC function is a prerequisite for the clinical implementation of 
the PIPR as a test for differentiating between healthy and diseased eyes. The effect of 
healthy ageing on the PIPR has been previously measured using the plateau and 
AUC metrics in two studies with conflicting results (Herbst et al., 2012; Kankipati et 
al., 2010). Experiment 2 measured the PLR and PIPR amplitudes described with all 
current metrics in a single cohort (n = 59 participants) that was larger than in the 
previous two studies. The peak pupil constriction amplitude with long wavelength 
stimuli was independent of age indicating a normal retinal health in the participants. 
The peak constriction was independent of age with short wavelength stimuli as well 
confirming that there was minimal attenuation of short wavelength light by ageing 
lens and thus the applied protocols were valid for measuring the effect of ageing on 
the ipRGC-mediated PIPR. It was found that the PIPR is independent of age (21 – 70 
years; Chapter 5, Fig. 5.5) suggesting that ipRGC function remains unaffected during 
adulthood. This finding is corroborated by a recent report of the robustness of ipRGC 
density and dendritic anatomy to ageing in rodents (García-Ayuso et al., 2015) and 
rules out the confounding effect of age on the PIPR as long as the stimulus irradiance 
is corrected for changes in lens density.   
 
Based on a proposition that retinal dopamine may have antimyopiagenic effects 
(Iuvone et al., 1991) and a suggestion that ipRGCs may mediate these effects by 
playing a role in dopamine secretion in response to high ambient illumination 
(Norton et al., 2013), Experiment 2 also examined the PIPR in healthy individuals 
across a range of refractive errors (+3.00 to -9.25 Dioptres). This is the first report of 
the effect of refractive error status on the PIPR and the data show that the PIPR 
amplitude is independent of refractive error status. Even though inadequate outdoor 
light exposure during childhood may have a role in myopia development, our 
findings of intact ipRGC function in adults with myopia indicate that such light 
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exposure does not affect the development and maturation of ipRGCs during critical 
developmental period. Though evidence in mice suggests that ipRGCs can detect 
light from birth (post-natal day, P = 0), earlier than rods and cones do (P = 10) 
(Sekaran, Lupi, Jones, Sheely, Hattar, Yau, Lucas, Foster, & Hankins, 2005), the 
process of ipRGC development and maturation in humans is yet to be determined. 
 
 
7.3 GLAUCOMA AND THE PIPR (CHAPTER 6) 
Aim 1: To determine ipRGC function in glaucoma suspects and established 
glaucoma patients at various severity stages with the pupillometric paradigms 
optimised by Experiment 1 using quadratic field stimulation. 
Hypothesis 1: IpRGC function measured with selective quadratic pupillometry can 
differentiate glaucoma suspects and established glaucoma from healthy control eyes. 
 
Primary open-angle glaucoma (POAG) involves a chronic and irreversible loss of 
retinal ganglion cells and their axons leading to optic nerve atrophy; this irreversible 
damage can be prevented by early diagnosis and intervention. The pupillometry 
protocols optimised in Experiment 1 were translated to a clinical setting to measure 
ipRGC function in glaucoma suspects, established glaucoma patients, and healthy 
controls to evaluate the potential of the new quadratic field PIPR test for early 
detection of melanopsin dysfunction in glaucoma. The PIPR deficits have been 
reported in moderate and advanced glaucoma (Feigl et al., 2011b; Gracitelli et al., 
2015; Kankipati et al., 2011; Nissen et al., 2014), but not in early glaucoma (Feigl et 
al., 2011b); the PIPR in glaucoma suspects has not yet been evaluated. Based on 
previous findings of reduced PIPR amplitude in the central 7° retina in patients with 
late glaucoma (Feigl et al., 2011b) and the known patterns of typical glaucomatous 
arcuate visual field defects (Harrington, 1965; Heijl et al., 2012), the dark-adapted 
PIPR was measured with superonasal and inferonasal field stimulation pupillometry 
along with the conventional full field stimulus (Fig. 6.1). The superonasal field 
stimulation demonstrated a significantly reduced PIPR in glaucoma suspects 
compared to healthy controls (Fig. 6.7) corresponding with the vulnerability of 
inferior retinal nerve fibres in glaucoma (Jonas et al., 1989; Kanamori et al., 2003; 
Zangwill et al., 2001) and the recent reports of ipRGC defects in early glaucoma in 
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rodents (El-Danaf et al., 2015; Vidal-Sanz et al., 2015). This study also demonstrated 
the first differentiation of ipRGC dysfunction in early glaucoma patients from 
healthy controls using pupillometry with all field sizes (full, superonasal, and 
inferonasal). The superonasal PIPR provided a high sensitivity of 91.7% (specificity: 
55.0%) in glaucoma suspects and 95.5% (specificity: 75.0%) in early glaucoma at the 
cut-off values of 25.6% and 17.0% PIPR amplitudes. This diagnostic accuracy of the 
PIPR needs to be confirmed in a larger sample because of the wide confidence limits 
observed around sensitivity and specificity; however the findings are encouraging for 
clinical use of the PIPR test in detecting melanopsin cell dysfunction in glaucoma 
suspects and early glaucoma. 
 
Compared to other retinal ganglion cells (RGCs), there is evidence from rodent 
experimental models that ipRGCs are more resistant to optic nerve transection (de 
Sevilla Müller et al., 2014; Robinson et al., 2004). However, ipRGC resistance in 
optic nerve transection cannot be directly implied in glaucoma because of the 
differences in the pathophysiology of the two conditions. How ipRGCs are affected 
in experimental glaucoma in rodent models is controversial with an initial study 
showing no ipRGC dysfunction (Li et al., 2006), some studies showing that they are 
affected in advanced stages (de Zavalía et al., 2011; Drouyer et al., 2008; Wang et 
al., 2008; Zhang et al., 2013), and some recent studies showing that they are affected 
in the early stages of glaucoma (El-Danaf et al., 2015; Vidal-Sanz et al., 2015). 
These inconsistencies may in part be explained by the differences in the elevated IOP 
level (14 – 26 mm Hg), methods used to elevate IOP (e.g., laser photocoagulation of 
the limbal and episcleral veins, or microbead injections into the anterior chamber), 
and rodent species (e.g., Sprague-Dawley or Wistar rats). On the other hand, results 
from these induced ocular hypertension models may not directly apply to humans 
because of differences in the anatomical and physiological characteristics of outer 
and inner retinal photoreceptors between humans and rodents. The RGC defects are 
manifest in the early stages of experimental glaucoma due to axonal transport 
disruption and similar disruption may cause ipRGC defects in the early stages of 
glaucoma in humans, which requires further investigation. Evidence suggests that 
melanopsin photopigment regeneration relies on visual retinoid cycle that occurs in 
the retinal pigment epithelium (RPE) (Zhao, Pack, Khan, & Wong, 2016) and the 
RPE is affected in animal models of glaucoma (Mangan, Al‐Yahya, Chen, 
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Gionfriddo, Powell, Dubielzig, Ehrhart, & Madl, 2007). RPE abnormalities lead to 
the breakdown of the blood-retinal barrier (Cioffi, Granstam, & Alm, 2003) that 
further results in neuroretinal inflammation and RGC death (for review, Vohra, Tsai, 
& Kolko (2013)). Similar to the proposition that ipRGC dysfunction in early AMD 
could be linked to RPE damage (Maynard, Zele, Kwan, & Feigl, 2016), this thesis 
proposes that in humans the RPE is affected in the early stages of glaucoma leading 
to ipRGC dysfunction. 
 
Güler et al. (2008) showed that in mice with partially eliminated ipRGCs, only ~17% 
of ipRGCs are sufficient to drive the peak pupil constriction. However, those mice 
had an intact outer retina and it is established that rods and cones provide significant 
contributions to the peak pupil constriction (McDougal et al., 2010). Therefore, the 
findings of Güler et al. (2008) do not directly apply to the PIPR that is entirely driven 
by ipRGCs without any outer retinal contribution. In glaucoma, significant RGC 
damage occurs before Standard Automated Perimetry (SAP) can detect a visual field 
defect indicating that SAP is not sensitive to early glaucomatous damage. Quadrant 
pupillometry protocols developed in this thesis to measure the PIPR are sensitive to 
detect ipRGC dysfunction in the early stages of glaucoma. Also, it should be 
considered that ipRGCs and RGCs may not be equally affected in glaucoma and 
ipRGC dysfunction may precede RGC dysfunction, this can be an area of further 
investigation. 
 
Intraocular scattering could affect both quadrant and full field stimuli used in 
Experiment 3 (Provencio et al., 2002), however this did not affect the differentiation 
in the PIPR between the patients and controls. If light scatter affected the PIPR 
amplitude then it would be predicted that the PIPR amplitude would be different for 
small and large stimuli that have the same Corneal Flux Density (CFD = stimulus 
area X irradiance). A larger stimulus would cause more scatter due to its larger 
circumference. That this is not the case has been shown in two recent studies, one 
that measured the PIPR in the central retina (Park et al., 2015) and the other in the 
peripheral retina (Joyce et al., 2016b). In both the central and peripheral retinal area, 
the PIPR amplitude is independent of stimulus diameter for a constant CFD. Even if 
there was any effect of light scatter, this would have resulted in the excitation of 
more ipRGC axonal collaterals (Joo, Peterson, Dacey, Hattar, & Chen, 2013) 
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inducing a systematic increase in the PIPR amplitudes across all participants for all 
stimuli and therefore not affecting the differentiation in the PIPR between the 
glaucoma patients and controls as observed in this thesis. Moreover, to minimise 
scatter, participants with any corneal opacity and lens opacification > grade 2 (LOCS 
III) were excluded. 
 
There is evidence that ipRGCs form photoreceptive nets across the retina (Liao et al., 
2016; Provencio et al., 2002) but this does not compromise the selective stimulation 
of ipRGCs. In the healthy controls in Experiment 3, the selective stimulation of the 
superonasal field (SNF) and inferonasal field (INF) produced similar PIPR 
amplitudes (mean ± SD; SNF = 24.8 ± 8.4%; INF = 25.0 ± 6.7%) and which were 
lower than the PIPR amplitudes measured with the full field stimuli (40.7 ± 6.9%). If 
ipRGCs were activated beyond the boundaries of the selective stimuli, all stimulus 
field sizes (e.g., SNF, INF, and full field) would be expected to produce similar PIPR 
amplitudes, but that was not the case. 
 
 
Aim 2: To determine sleep quality and the presence of SNPs (I394T and P10L) of 
OPN4 gene in glaucoma suspects, glaucoma patients, and healthy controls to 
characterise the relationship between sleep quality, pupil metrics, and OPN4 SNPs. 
Hypothesis 2: Glaucoma patients with the risk allele of OPN4 SNPs have more 
pronounced sleep disorders and lower peak pupil constriction and PIPR amplitudes. 
 
Since ipRGCs signal the external illumination to the suprachiasmatic nucleus for 
mediating circadian rhythm regulation (Gooley et al., 2001), sleep disorders are 
expected to occur in ipRGC dysfunction. Though our glaucoma patients exhibited 
ipRGC dysfunction compared to healthy controls, they had normal sleep patterns. 
The possible reasons behind normal sleep behaviour in our glaucoma patients have 
been discussed in Chapter 6 (section 6.5) and include the assessment of sleep with 
the PSQI rather than polysomnography (Gracitelli et al., 2015), small sample of late 
glaucoma patients, and only one patient with the risk allele (TT) of the OPN4 SNP 
P10L. Our findings indicate that sleep abnormalities in glaucoma manifest only in 
the late stages of the disease where ipRGCs are severely affected. No relationship 
between the OPN4 SNP I394T alleles and the PLR and PIPR amplitudes in our data 
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are in disagreement with previous reports (Higuchi et al., 2013; Roecklein et al., 
2013) and needs to be re-investigated in a larger sample of healthy controls and 
glaucoma patients.   
 
  
7.4 FUTURE DIRECTIONS 
In the pre-ipRGC era, Laurens (1923) and Alpern and Campbell (1962) reported that 
the peak spectral sensitivity of the transient and steady-state pupil response of a dark-
adapted eye lies between 530 nm and 540 nm and could be described by the 
combination of rod and cone photoresponse but not by only one photoreceptor 
spectral response. In the post-ipRGC era, McDougal and Gamlin (2010) confirmed 
with more detailed experiments that the steady-state pupil response is driven by the 
combination of outer and inner retinal photoreceptors, and inner retinal melanopsin 
contribution increases with increasing stimulus duration. Recently, the transient PLR 
has been defined as the maximum pupil constriction between 180 ms – 500 ms after 
light onset and has been proposed to measure the outer retinal contributions to the 
PLR (Kardon et al., 2009). Because it has been shown that ipRGC contributions to 
the PLR has a latency of about 483 ms (Tsujimura et al., 2011), there might be role 
of ipRGCs in driving the transient PLR. It is worth re-examining if ipRGCs could 
contribute to the transient PLR and further studies could measure the spectral 
sensitivity of the transient PLR to determine if this pupil metric measures the pure 
response of outer retina. 
 
In response to high irradiance short wavelength stimuli, a post-stimulus biphasic 
pupil redilation was observed (Fig. 4.4, left panels) which has not been reported 
before. The first redilation phase occurred immediately after light offset and the 
second phase occurred at approximately 40 s, 50 s, 70 s after light offset for 1 s, 10 s, 
and 30 s pulses, respectively. This biphasic redilation could possibly be due to the 
diverse adaptation and contribution of different ipRGC subtypes and needs further 
investigations, possibly involving the physiological recordings of ipRGC subtypes. 
Based on our data, the latency of the second pupil redilation phase seems to become 
longer with increasing stimulus duration; it may vary with stimulus irradiance as 
well. How stimulus irradiance and duration affect this latency and if it can be of 
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diagnostic importance in retinal and optic nerve diseases should be addressed in 
future studies.  
 
While this thesis determined the optimal stimulus duration (1 s), wavelength (~ 482 
nm), and metrics (plateau, 6 s) for the dark-adapted PIPR measurement, the optimal 
(critical) retinal irradiance, where the PIPR amplitude plateaus, has not been 
determined. The details of this critical retinal irradiance are discussed above and this 
irradiance needs to be determined to complete the optimisation of the PIPR 
assessment protocols. The optimised PIPR protocol can then be used to develop a 
normative PIPR database for providing reference values in a healthy population to 
serve as a control to the eyes with disease that affect ipRGC function. 
 
Experiment 1B hypothesised that the intra- and inter-individual variability of the 
PIPR metrics is determined by the integration window over which a metric measures 
the PIPR; for example the 6 s metric measures the PIPR at one moment in time and 
the plateau metric measures the PIPR over an extended period of time. Surprisingly, 
these two metrics (6 s and plateau) were the metrics that showed the lowest 
variability indicating that there are some other factors rather than integration window 
to contribute to the PIPR variability. The possible factors have been mentioned above 
including diversity in the membrane properties of ipRGC subtypes and melanopsin 
gene (OPN4) single nucleotide polymorphism (SNP) I394T. The I394T SNP 
interacts with the PIPR amplitude in healthy individuals and may interact with the 
PIPR metrics resulting in the differences in the intra- and inter-individual variability 
between the PIPR metrics. These potential factors warrant further investigation. 
Experiment 2 determined that there is no effect of refractive error in a sample of 39 
participants on the melanopsin-mediated PIPR amplitude. One limitation of this 
experiment is the small sample of participants with high myopia (≥ 5.0 D, n = 3) and 
thus the refractive error and PIPR data were bootstrapped. For a more precise 
determination, we recommend that the effect of high myopia on the PIPR should be 
evaluated in a larger high myopic human population. 
 
The PIPR assessment protocols optimised by the basic science experiments were 
translated to an ophthalmic setting to evaluate if the protocols can detect ipRGC 
dysfunction in glaucoma suspects and manifest glaucoma patients. We determined 
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that quadratic field pupillometry can detect melanopsin ipRGC dysfunction in 
glaucoma suspects in the absence of perimetric defects. It will be worth conducting a 
longitudinal study to follow up these glaucoma suspects and find out if they progress 
to develop perimetric defects for determining value of the PIPR test in monitoring 
progression of glaucoma. Though ROC analysis showed fair and excellent diagnostic 
accuracy of the PIPR to differentiate glaucoma suspects and early glaucoma, 
respectively from healthy eyes; wide confidence limits around sensitivity and 
specificity of the PIPR indicate the inadequacy of sample size for evaluating the 
diagnostic accuracy. The sample size was calculated to determine the ability of the 
quadratic PIPR to detect melanopsin ipRGC dysfunction in glaucoma suspects and 
patients rather than to evaluate the diagnostic accuracy. A further study with a larger 
sample of glaucoma suspects and patients is recommended for a more precise 
determination of the diagnostic accuracy of the quadratic PIPR test. Based on the 
ROC curves for glaucoma suspects (AUC = 0.74), early glaucoma (AUC = 0.94), 
and late glaucoma (AUC = 0.97) in our data (Fig. 6.9), 189 glaucoma suspects, 51 
early glaucoma patients, and 24 late glaucoma patients would be required to 
reproduce these AUC results with a two-sided 95% confidence interval width of 10% 
(PASS 14). Likewise, 86 glaucoma suspects, 24 early glaucoma patients, and 11 late 
glaucoma patients would be required to produce a two-sided 95% confidence interval 
width of 15%, and 49 glaucoma suspects, 14 early glaucoma patients, and 7 late 
glaucoma patients to produce a two-sided 95% confidence interval width of 20%. 
 
In conclusion, this thesis provides new insights into the temporal properties of outer 
and inner retinal contributions to the pupil light reflex (PLR), the effect of age and 
refractive error on these contributions, and the diagnostic utility of pupillometry in 
glaucoma. It was determined that the dark-adapted post-illumination pupil response 
(PIPR) quantified with all current metrics is entirely controlled by inner retinal 
melanopsin expressing intrinsically photosensitive ganglion cells, and thus all current 
PIPR metrics can be applied to isolate melanopsin contributions to the pupil light 
reflex. Short wavelength (close to melanopsin peak spectral sensitivity, ~ 482 nm), 
short duration (≤ 1 s), and high irradiance (> melanopsin threshold) light pulses 
produce the largest PIPR amplitudes and the 6 s and plateau PIPR metrics show the 
lowest intra- and inter-individual coefficient of variation, and therefore may be the 
optimum pupillometry protocols for the clinical assessment of melanopsin function. 
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There is no confounding effect of age and refractive error on the melanopsin-
mediated PIPR. The optimised pupillometry paradigms presented in the quadratic 
fields corresponding with typical glaucomatous arcuate field defects were effective 
in detecting pre-perimetric melanopsin dysfunction in glaucoma suspects, indicating 
that these paradigms have potential applications in the early diagnosis of glaucoma. 
This thesis concludes with the recommendations for future studies including the 
determination of the spectral sensitivity of the transient PLR, the measurement of the 
critical retinal irradiance to complete the optimisation of the PIPR pupillometry 
protocols, the examination of the physiology behind the biphasic pupil redilation 
after light offset and its diagnostic importance, and a more precise determination of 
the diagnostic accuracy of the novel quadratic field stimulation pupillometry 
protocols to detect melanopsin dysfunction in glaucoma suspects and patients.
 Discussion, Conclusions, and Future Directions  142  
       
 
    
   
 References 143 
Chapter 8: References 
AAO. (2010a). American Academy of Ophthalmology Glaucoma Panel. Preferred 
Practice Pattern® Guidelines. Primary Open-Angle Glaucoma Suspect. San 
Francisco, CA: American Academy of Ophthalmology; Available at: 
www.aao.org/ppp. 
AAO. (2010b). American Academy of Ophthalmology Glaucoma Panel. Preferred 
Practice Pattern® Guidelines. Primary Open-Angle Glaucoma. San 
Francisco, CA: American Academy of Ophthalmology; Available at: 
www.aao.org/ppp. 
Adhikari, P., Feigl, B., & Zele, A. J. (2016). Rhodopsin and melanopsin 
contributions to the early redilation phase of the post-illumination pupil 
response (PIPR). PloS ONE, 11(8), e0161175. 
Adhikari, P., Pearson, C. A., Anderson, A. M., Zele, A. J., & Feigl, B. (2015a). 
Effect of age and refractive error on the melanopsin mediated post-
illumination pupil response (PIPR). Scientific Reports, 5, 17610. 
Adhikari, P., Zele, A. J., & Feigl, B. (2015b). The post-illumination pupil response 
(PIPR). Investigative Ophthalmology & Visual Science, 56(6), 3838-3849. 
Aguilar, M., & Stiles, W. (1954). Saturation of the rod mechanism of the retina at 
high levels of stimulation. Journal of Modern Optics, 1(1), 59-65. 
Alpern, M., & Campbell, F. (1962). The spectral sensitivity of the consensual light 
reflex. The Journal of Physiology, 164(3), 478-507. 
Alpern, M., McCready, D. W., & Barr, L. (1963). The dependence of the photopupil 
response on flash duration and intensity. The Journal of General Physiology, 
47(2), 265-278. 
Altimus, C. M., Güler, A. D., Alam, N. M., Arman, A. C., Prusky, G. T., Sampath, 
A. P., & Hattar, S. (2010). Rod photoreceptors drive circadian 
photoentrainment across a wide range of light intensities. Nature 
Neuroscience, 13(9), 1107-1112. 
Arden, G. B., & Jacobson, J. J. (1978). A simple grating test for contrast sensitivity: 
Preliminary results indicate value in screening for glaucoma. Investigative 
Ophthalmology & Visual Science, 17(1), 23-32. 
Ashby, R., Ohlendorf, A., & Schaeffel, F. (2009). The effect of ambient illuminance 
on the development of deprivation myopia in chicks. Investigative 
Ophthalmology & Visual Science, 50(11), 5348-5354. 
Atchison, D. A., Girgenti, C. C., Campbell, G. M., Dodds, J. P., Byrnes, T. M., & 
Zele, A. J. (2011). Influence of field size on pupil diameter under photopic 
and mesopic light levels. Clinical & Experimental Optometry, 94(6), 545-
548. 
Ba-Ali, S., Sander, B., Brøndsted, A. E., & Lund-Andersen, H. (2015). effect of 
topical anti-glaucoma medications on late pupillary light reflex, as evaluated 
by pupillometry. Frontiers in Neurology, 6. 
Bach, M. (2001). Electrophysiological approaches for early detection of glaucoma. 
European Journal of Ophthalmology, 11(2), S41. 
Backhaus, J., Junghanns, K., Broocks, A., Riemann, D., & Hohagen, F. (2002). Test-
retest reliability and validity of the Pittsburgh Sleep Quality Index in primary 
insomnia. Journal of Psychosomatic Research, 53(3), 737-740. 
  
References 144 
Barlow, H. (1958). Temporal and spatial summation in human vision at different 
background intensities. The Journal of Physiology, 141(2), 337-350. 
Barrionuevo, P. A., Nicandro, N., McAnany, J. J., Zele, A. J., Gamlin, P., & Cao, D. 
(2014). Assessing rod, cone, and melanopsin contributions to human pupil 
flicker responses. Investigative Ophthalmology & Visual Science, 55(2), 719-
727. 
Bathija, R., Zangwill, L., Berry, C. C., Sample, P. A., & Weinreb, R. N. (1998). 
Detection of early glaucomatous structural damage with confocal scanning 
laser tomography. Journal of Glaucoma, 7(2), 121-127. 
Baver, S. B., Pickard, G. E., Sollars, P. J., & Pickard, G. E. (2008). Two types of 
melanopsin retinal ganglion cell differentially innervate the hypothalamic 
suprachiasmatic nucleus and the olivary pretectal nucleus. European Journal 
of Neuroscience, 27(7), 1763-1770. 
Bayer, A. U., Maag, K.-P., & Erb, C. (2002). Detection of optic neuropathy in 
glaucomatous eyes with normal standard visual fields using a test battery of 
short-wavelength automated perimetry and pattern electroretinography. 
Ophthalmology, 109(7), 1350-1361. 
Beer, R. D., MacLeod, D. I., & Miller, T. P. (2005). The Extended Maxwellian View 
(BIGMAX): A high-intensity, high-saturation color display for clinical 
diagnosis and vision research. Behavior Research Methods, 37(3), 513-521. 
Berson, D. M., Dunn, F. A., & Takao, M. (2002). Phototransduction by retinal 
ganglion cells that set the circadian clock. Science, 295(5557), 1070-1073. 
Bitsios, P., Prettyman, R., & Szabadi, E. (1996). Changes in autonomic function with 
age: A study of pupillary kinetics in healthy young and old people. Age and 
Ageing, 25(6), 432-438. 
Bonomi, L., Marchini, G., Marraffa, M., Bernardi, P., Morbio, R., & Varotto, A. 
(2000). Vascular risk factors for primary open angle glaucoma: The Egna-
Neumarkt Study. Ophthalmology, 107(7), 1287-1293. 
Bouma, H. (1962). Size of the static pupil as a function of wave-length and 
luminosity of the light incident on the human eye. Nature, 193, 690-691. 
Bowd, C., Zangwill, L. M., Berry, C. C., Blumenthal, E. Z., Vasile, C., Sanchez-
Galeana, C., Bosworth, C. F., Sample, P. A., & Weinreb, R. N. (2001). 
Detecting early glaucoma by assessment of retinal nerve fiber layer thickness 
and visual function. Investigative Ophthalmology & Visual Science, 42(9), 
1993-2003. 
Braggio, S., Barnaby, R. J., Grossi, P., & Cugola, M. (1996). A strategy for 
validation of bioanalytical methods. Journal of Pharmaceutical and 
Biomedical Analysis, 14(4), 375-388. 
Brøndsted, A. E., Sander, B., Haargaard, B., Lund-Andersen, H., Jennum, P., 
Gammeltoft, S., & Kessel, L. (2015). The effect of cataract surgery on 
circadian photoentrainment: A randomized trial of blue-blocking versus 
neutral intraocular lenses. Ophthalmology, 122(10), 2115-2124. 
Brown, S. M., Khanani, A. M., & McCartney, D. L. (2004). The effect of daily use 
of brimonidine tartrate on the dark-adapted pupil diameter. American Journal 
of Ophthalmology, 138(1), 149-151. 
Brusini, P., & Busatto, P. (1998). Frequency doubling perimetry in glaucoma early 
diagnosis. Acta Ophthalmologica Scandinavica, 76(S227), 23-24. 
Burgoyne, C. F., Downs, J. C., Bellezza, A. J., Suh, J.-K. F., & Hart, R. T. (2005). 
The optic nerve head as a biomechanical structure: A new paradigm for 
understanding the role of IOP-related stress and strain in the pathophysiology 
  
References 145 
of glaucomatous optic nerve head damage. Progress in Retinal and Eye 
Research, 24(1), 39-73. 
Burns, S. A., & Webb, R. H. (1994). Optical generation of the visual stimulus. 
Handbook of Optics, M. Bass, EW van Stryland, DR Williams, and WL Wolfe, 
eds.(McGraw-Hill, 1994), 1-28. 
Buysse, D. J., Reynolds, C. F., 3rd, Monk, T. H., Berman, S. R., & Kupfer, D. J. 
(1989). The Pittsburgh Sleep Quality Index: A new instrument for psychiatric 
practice and research. Psychiatry Research, 28(2), 193-213. 
Cajochen, C., Münch, M., Kobialka, S., Kräuchi, K., Steiner, R., Oelhafen, P., Orgül, 
S., & Wirz-Justice, A. (2005). High sensitivity of human melatonin, alertness, 
thermoregulation, and heart rate to short wavelength light. Journal of Clinical 
Endocrinology and Metabolism, 90(3), 1311-1316. 
Campbell, F., & Alpern, M. (1962). Pupillomotor spectral sensitivity curve and color 
of the fundus. Journal of the Optical Society of America, 52(9), 1084-1084. 
Carle, C. F., James, A. C., Kolic, M., Essex, R. W., & Maddess, T. (2015). Blue 
multifocal pupillographic objective perimetry in glaucoma. Investigative 
Ophthalmology & Visual Science, 56(11), 6394-6403. 
Chang, D. S., Boland, M. V., Arora, K. S., Supakontanasan, W., Chen, B. B., & 
Friedman, D. S. (2013). Symmetry of the pupillary light reflex and its 
relationship to retinal nerve fiber layer thickness and visual field defect. 
Investigative Ophthalmology & Visual Science, 54(8), 5596-5601. 
Charman, W., & Whitefoot, H. (1977). Pupil diameter and the depth-of-field of the 
human eye as measured by laser speckle. Journal of Modern Optics, 24(12), 
1211-1216. 
Chen, S.-K., Badea, T., & Hattar, S. (2011). Photoentrainment and pupillary light 
reflex are mediated by distinct populations of ipRGCs. Nature, 476(7358), 
92-95. 
Choi, S. S., Zawadzki, R. J., Lim, M. C., Brandt, J. D., Keltner, J. L., Doble, N., & 
Werner, J. S. (2010). Evidence of outer retinal changes in glaucoma patients 
as revealed by ultrahigh-resolution in vivo retinal imaging. British Journal of 
Ophthalmology, 1136, 1-11. 
Chylack, L. T., Jr., Wolfe, J. K., Singer, D. M., Leske, M. C., Bullimore, M. A., 
Bailey, I. L., Friend, J., McCarthy, D., & Wu, S. Y. (1993). The lens opacities 
classification system III. Archives of Ophthalmology, 111(6), 831-836. 
Cioffi, G. A., Granstam, E., & Alm, A. (2003). " Ocular Circulation" In Adler's 
Physiology of the Eye. 
Crawford, B. (1947). Visual adaptation in relation to brief conditioning stimuli. 
Proceedings of the Royal Society of London B: Biological Sciences, 
134(875), 283-302. 
Curcio, C. A., & Drucker, D. N. (1993a). Retinal ganglion cells in Alzheimer's 
disease and aging. Annals of Neurology, 33(3), 248-257. 
Curcio, C. A., Millican, C. L., Allen, K. A., & Kalina, R. E. (1993b). Aging of the 
human photoreceptor mosaic: Evidence for selective vulnerability of rods in 
central retina. Investigative Ophthalmology & Visual Science, 34(12), 3278-
3296. 
Czeisler, C. A. (1995). The effect of light on the human circadian pacemaker. 
Circadian Clocks and Their Adjustment, 183, 254-290. 
Czeisler, C. A., Allan, J. S., Strogatz, S. H., Ronda, J. M., Sanchez, R., Rios, C. D., 
Freitag, W. O., Richardson, G. S., & Kronauer, R. E. (1986). Bright light 
  
References 146 
resets the human circadian pacemaker independent of the timing of the sleep-
wake cycle. Science, 233(4764), 667-671. 
Czeisler, C. A., & Klerman, E. B. (1999). Circadian and sleep-dependent regulation 
of hormone release in humans. Recent Progress in Hormone Research, 54, 
97-130. 
Dacey, D., Peterson, B., Liao, H. W., & Yau, K. W. (2006). Two types of 
melanopsin–containing ganglion cells in the primate retina: Links to 
dopaminergic amacrine and DB6 cone bipolar cells. Investigative 
Ophthalmology & Visual Science, 47(13), 3111-3111. 
Dacey, D. M., Liao, H.-W., Peterson, B. B., Robinson, F. R., Smith, V. C., Pokorny, 
J., Yau, K.-W., & Gamlin, P. D. (2005). Melanopsin-expressing ganglion 
cells in primate retina signal colour and irradiance and project to the LGN. 
Nature, 433(7027), 749-754. 
Dacey, D. M., Peterson, B. B., Robinson, F. R., & Gamlin, P. D. (2003). Fireworks 
in the primate retina: In vitro photodynamics reveals diverse LGN-projecting 
ganglion cell types. Neuron, 37(1), 15-27. 
Daneault, V., Vandewalle, G., Hébert, M., Teikari, P., Mure, L. S., Doyon, J., 
Gronfier, C., Cooper, H. M., Dumont, M., & Carrier, J. (2012). Does pupil 
constriction under blue and green monochromatic light exposure change with 
age? Journal of Biological Rhythms, 27(3), 257-264. 
Dartnall, H. (1953). The interpretation of spectral sensitivity curves. British Medical 
Bulletin, 9(1), 24-30. 
Davison, A. C., & Hinkley, D. V. (1997). Bootstrap Methods and Their Application 
(Vol. 1): Cambridge University Press. 
de Sevilla Müller, L. P., Sargoy, A., Rodriguez, A. R., & Brecha, N. C. (2014). 
Melanopsin ganglion cells are the most resistant retinal ganglion cell type to 
axonal injury in the rat retina. PloS ONE, 9(3), e93274. 
de Zavalía, N., Plano, S. A., Fernandez, D. C., Lanzani, M. F., Salido, E., Belforte, 
N., Sarmiento, M. I. K., Golombek, D. A., & Rosenstein, R. E. (2011). Effect 
of experimental glaucoma on the non‐image forming visual system. Journal 
of Neurochemistry, 117(5), 904-914. 
Do, M. T. H., & Yau, K.-W. (2013). Adaptation to steady light by intrinsically 
photosensitive retinal ganglion cells. Proceedings of the National Academy of 
Sciences, 110(18), 7470-7475. 
Doi, Y., Minowa, M., Uchiyama, M., Okawa, M., KIM, K., Shibui, K., & Kamei, Y. 
(2000). Psychometric assessment of subjective sleep quality using the 
Japanese version of the Pittsburgh Sleep Quality Index(PSQI-J) in psychiatric 
disordered and control subjects. Psychiatry Research, 97(2-3), 165-172. 
Drouyer, E., Dkhissi-Benyahya, O., Chiquet, C., WoldeMussie, E., Ruiz, G., 
Wheeler, L. A., Denis, P., & Cooper, H. M. (2008). Glaucoma alters the 
circadian timing system. PloS ONE, 3(12), e3931. 
Ecker, J. L., Dumitrescu, O. N., Wong, K. Y., Alam, N. M., Chen, S.-K., LeGates, 
T., Renna, J. M., Prusky, G. T., Berson, D. M., & Hattar, S. (2010). 
Melanopsin-expressing retinal ganglion-cell photoreceptors: Cellular 
diversity and role in pattern vision. Neuron, 67(1), 49-60. 
El-Danaf, R. N., & Huberman, A. D. (2015). Characteristic patterns of dendritic 
remodeling in early-stage glaucoma: Evidence from genetically identified 
retinal ganglion cell types. The Journal of Neuroscience, 35(6), 2329-2343. 
Ellis, C. (1981). The pupillary light reflex in normal subjects. British Journal of 
Ophthalmology, 65(11), 754-759. 
  
References 147 
Esquiva, G., Lax, P., & Cuenca, N. (2013). Impairment of intrinsically 
photosensitive retinal ganglion cells associated with late stages of retinal 
degeneration. Investigative Ophthalmology & Visual Science, 54(7), 4605-
4618. 
Estevez, M. E., Fogerson, P. M., Ilardi, M. C., Borghuis, B. G., Chan, E., Weng, S., 
Auferkorte, O. N., Demb, J. B., & Berson, D. M. (2012). Form and function 
of the M4 cell, an intrinsically photosensitive retinal ganglion cell type 
contributing to geniculocortical vision. The Journal of Neuroscience, 32(39), 
13608-13620. 
Fazio, D. T., Heckenlively, J. R., Martin, D. A., & Christensen, R. E. (1986). The 
electroretinogram in advanced open-angle glaucoma. Documenta 
Ophthalmologica, 63(1), 45-54. 
Fechtner, R. D., & Weinreb, R. N. (1994). Mechanisms of optic nerve damage in 
primary open angle glaucoma. Survey of Ophthalmology, 39(1), 23-42. 
Feigl, B., Cao, D., Morris, C. P., & Zele, A. J. (2011a). Persons with age-related 
maculopathy risk genotypes and clinically normal eyes have reduced mesopic 
vision. Investigative Ophthalmology & Visual Science, 52(2), 1145-1150. 
Feigl, B., Mattes, D., Thomas, R., & Zele, A. J. (2011b). Intrinsically photosensitive 
(melanopsin) retinal ganglion cell function in glaucoma. Investigative 
Ophthalmology & Visual Science, 52(7), 4362-4367. 
Feigl, B., Morris, C. P., Brown, B., & Zele, A. J. (2012a). Relationship among CFH 
and ARMS2 genotypes, macular pigment optical density, and neuroretinal 
function in persons without age-related macular degeneration. Archives of 
Ophthalmology, 130(11), 1402-1409. 
Feigl, B., & Zele, A. J. (2014). Melanopsin-expressing intrinsically photosensitive 
retinal ganglion cells in retinal disease. Optometry and Vision Science, 91(8), 
894-903. 
Feigl, B., Zele, A. J., Fader, S. M., Howes, A. N., Hughes, C. E., Jones, K. A., & 
Jones, R. (2012b). The post-illumination pupil response of melanopsin-
expressing intrinsically photosensitive retinal ganglion cells in diabetes. Acta 
Ophthalmologica, 90(3), 230-234. 
Ferreras, A., Pablo, L. s. E., Garway-Heath, D. F., Fogagnolo, P., & Garcia-Feijoo, J. 
(2008). Mapping standard automated perimetry to the peripapillary retinal 
nerve fiber layer in glaucoma. Investigative Ophthalmology & Visual Science, 
49(7), 3018-3025. 
Findlay, J. W., Smith, W. C., Lee, J. W., Nordblom, G. D., Das, I., DeSilva, B. S., 
Khan, M. N., & Bowsher, R. R. (2000). Validation of immunoassays for 
bioanalysis: A pharmaceutical industry perspective. Journal of 
Pharmaceutical and Biomedical Analysis, 21(6), 1249-1273. 
Foster, R., Provencio, I., Hudson, D., Fiske, S., De Grip, W., & Menaker, M. (1991). 
Circadian photoreception in the retinally degenerate mouse (rd/rd). Journal of 
Comparative Physiology A, 169(1), 39-50. 
Foster, R. G. (1998). Shedding light on the biological clock. Neuron, 20(5), 829-832. 
Freedman, M. S., Lucas, R. J., Soni, B., von Schantz, M., Muñoz, M., David-Gray, 
Z., & Foster, R. (1999). Regulation of mammalian circadian behavior by non-
rod, non-cone, ocular photoreceptors. Science, 284(5413), 502-504. 
Gachon, F., Nagoshi, E., Brown, S. A., Ripperger, J., & Schibler, U. (2004). The 
mammalian circadian timing system: From gene expression to physiology. 
Chromosoma, 113(3), 103-112. 
  
References 148 
Gamlin, P. D., McDougal, D. H., Pokorny, J., Smith, V. C., Yau, K. W., & Dacey, D. 
M. (2007). Human and macaque pupil responses driven by melanopsin-
containing retinal ganglion cells. Vision Research, 47(7), 946-954. 
Gamlin, P. D., Zhang, H., & Clarke, R. J. (1995). Luminance neurons in the pretectal 
olivary nucleus mediate the pupillary light reflex in the rhesus monkey. 
Experimental Brain Research, 106(1), 177-180. 
García-Ayuso, D., Di Pierdomenico, J., Esquiva, G., Nadal-Nicolás, F. M., Pinilla, I., 
Cuenca, N., Vidal-Sanz, M., Agudo-Barriuso, M., & Villegas-Pérez, M. P. 
(2015). Inherited photoreceptor degeneration causes the death of melanopsin-
positive retinal ganglion cells and increases their coexpression of Brn3a. 
Investigative Ophthalmology & Visual Science, 56(8), 4592-4604. 
Gardiner, S. K., Johnson, C. A., & Cioffi, G. A. (2005). Evaluation of the structure-
function relationship in glaucoma. Investigative Ophthalmology & Visual 
Science, 46(10), 3712-3717. 
Gartner, S., & Henkind, P. (1981). Aging and degeneration of the human macula. 1. 
Outer nuclear layer and photoreceptors. British Journal of Ophthalmology, 
65(1), 23-28. 
Garway-Heath, D. F., Poinoosawmy, D., Fitzke, F. W., & Hitchings, R. A. (2000). 
Mapping the visual field to the optic disc in normal tension glaucoma eyes. 
Ophthalmology, 107(10), 1809-1815. 
Garway–Heath, D. F., Caprioli, J., Fitzke, F. W., & Hitchings, R. A. (2000). Scaling 
the hill of vision: The physiological relationship between light sensitivity and 
ganglion cell numbers. Investigative ophthalmology & visual science, 41(7), 
1774-1782. 
Gelatt, K. N., & MacKay, E. O. (2001). Changes in intraocular pressure associated 
with topical dorzolamide and oral methazolamide in glaucomatous dogs. 
Veterinary Ophthalmology, 4(1), 61-67. 
Gelatt, K. N., & MacKay, E. O. (2004). Effect of different dose schedules of 
travoprost on intraocular pressure and pupil size in the glaucomatous Beagle. 
Veterinary Ophthalmology, 7(1), 53-57. 
Gooley, J. J., Lu, J., Chou, T. C., Scammell, T. E., & Saper, C. B. (2001). 
Melanopsin in cells of origin of the retinohypothalamic tract. Nature 
Neuroscience, 4(12), 1165-1165. 
Göz, D., Studholme, K., Lappi, D. A., Rollag, M. D., Provencio, I., & Morin, L. P. 
(2008). Targeted destruction of photosensitive retinal ganglion cells with a 
saporin conjugate alters the effects of light on mouse circadian rhythms. PloS 
ONE, 3, e3153. 
Gracitelli, C. P. B., Duque-Chica, G. L., Moura, A. L., Nagy, B. V., de Melo, G. R., 
Roizenblatt, M., Borba, P. D., Teixeira, S. H., Ventura, D. F., & Paranhos, J. 
A. (2014). A positive association between intrinsically photosensitive retinal 
ganglion cells and retinal nerve fiber layer thinning in glaucoma. 
Investigative Ophthalmology & Visual Science, 55(12), 7997-8005. 
Gracitelli, C. P. B., Duque-Chica, G. L., Roizenblatt, M., de Araújo Moura, A. L., 
Nagy, B. V., de Melo, G. R., Borba, P. D., Teixeira, S. H., Tufik, S., & 
Ventura, D. F. (2015). Intrinsically photosensitive retinal ganglion cell 
activity is associated with decreased sleep quality in patients with glaucoma. 
Ophthalmology, 122(6), 1139-1148. 
Gray, H., Willis, A., & Morgan, R. (2003). Effects of topical administration of 1% 
brinzolamide on normal cat eyes. Veterinary Ophthalmology, 6(4), 285-290. 
  
References 149 
Grünert, U., Jusuf, P. R., Lee, S., & Nguyen, D. T. (2011). Bipolar input to 
melanopsin containing ganglion cells in primate retina. Visual Neuroscience, 
28(01), 39-50. 
Güler, A. D., Ecker, J. L., Lall, G. S., Haq, S., Altimus, C. M., Liao, H.-W., Barnard, 
A. R., Cahill, H., Badea, T. C., & Zhao, H. (2008). Melanopsin cells are the 
principal conduits for rod–cone input to non-image-forming vision. Nature, 
453(7191), 102-105. 
Hammond, C. J., Snieder, H., Spector, T. D., & Gilbert, C. E. (2000). Factors 
affecting pupil size after dilatation: The Twin Eye Study. British Journal of 
Ophthalmology, 84(10), 1173-1176. 
Hannibal, J., & Fahrenkrug, J. (2006). Neuronal Input Pathways to the Brain's 
Biological Clock and Their Functional Significance (Vol. 182): Springer 
Science & Business Media. 
Harrington, D. O. (1965). The Bjerrum Scotoma. American Journal of 
Ophthalmology, 59(4), 646-656. 
Harwerth, R. S., Carter-Dawson, L., Shen, F., Smith, E. L., & Crawford, M. (1999). 
Ganglion cell losses underlying visual field defects from experimental 
glaucoma. Investigative Ophthalmology & Visual Science, 40(10), 2242-
2250. 
Hatori, M., Le, H., Vollmers, C., Keding, S. R., Tanaka, N., Schmedt, C., Jegla, T., 
& Panda, S. (2008). Inducible ablation of melanopsin-expressing retinal 
ganglion cells reveals their central role in non-image forming visual 
responses. PloS ONE, 3(6), e2451. 
Hattar, S., Liao, H.-W., Takao, M., Berson, D. M., & Yau, K.-W. (2002). 
Melanopsin-containing retinal ganglion cells: Architecture, projections, and 
intrinsic photosensitivity. Science, 295(5557), 1065-1070. 
Hattar, S., Lucas, R. J., Mrosovsky, N., Thompson, S., Douglas, R., Hankins, M. W., 
Lem, J., Biel, M., Hofmann, F., & Foster, R. G. (2003). Melanopsin and rod–
cone photoreceptive systems account for all major accessory visual functions 
in mice. Nature, 424(6944), 75-81. 
Heijl, A., Patella, V., & Bengtsson, B. (2012). The Field Analyzer Primer: Effective 
Perimetry. Dublin, CA: Carl Zeiss Meditec: Inc. 
Herbst, K., Sander, B., Lund-Andersen, H., Broendsted, A. E., Kessel, L., Hansen, 
M. S., & Kawasaki, A. (2012). Intrinsically photosensitive retinal ganglion 
cell function in relation to age: A pupillometric study in humans with special 
reference to the age-related optic properties of the lens. BMC Ophthalmology, 
12(1), 1-10. 
Herbst, K., Sander, B., Lund-Andersen, H., Wegener, M., Hannibal, J., & Milea, D. 
(2013). Unilateral anterior ischemic optic neuropathy: Chromatic 
pupillometry in affected, fellow non-affected and healthy control eyes. 
Frontiers in Neurology, 4:52, 1-7. 
Herbst, K., Sander, B., Milea, D., Lund-Andersen, H., & Kawasaki, A. (2011). Test–
retest repeatability of the pupil light response to blue and red light stimuli in 
normal human eyes using a novel pupillometer. Frontiers in Neurology, 2, 1-
5. 
Higuchi, S., Hida, A., Tsujimura, S.-i., Mishima, K., Yasukouchi, A., Lee, S.-i., 
Kinjyo, Y., & Miyahira, M. (2013). Melanopsin gene polymorphism I394T is 
associated with pupillary light responses in a dose-dependent manner. PloS 
ONE, 8(3), e60310. 
  
References 150 
Hirsch, M. J., & Weymouth, F. W. (1949). Pupil size in ametropia. Journal of 
Applied Physiology, 1(9), 646-648. 
Hodapp, E., Parrish, R., & Anderson, D., II. (1993). Clinical Decisions in Glaucoma. 
St Louis, Missouri: Mosby-Year Book. 
Hofman, M., Boer, G., Holtmaat, A., Van Someren, E., Verhaagen, J., & Swaab, D. 
(2002). Functional plasticity of the circadian timing system in old age: Light 
exposure. Plasticity in the Adult Brain: From Genes to Neurotherapy, 138, 
205. 
Hood, D. C., & Kardon, R. H. (2007). A framework for comparing structural and 
functional measures of glaucomatous damage. Progress in Retinal and Eye 
Research, 26(6), 688-710. 
Hood, D. C., Raza, A. S., de Moraes, C. G. V., Liebmann, J. M., & Ritch, R. (2013). 
Glaucomatous damage of the macula. Progress in Retinal and Eye Research, 
32, 1-21. 
Inouye, S.-I., & Kawamura, H. (1979). Persistence of circadian rhythmicity in a 
mammalian hypothalamic" island" containing the suprachiasmatic nucleus. 
Proceedings of the National Academy of Sciences, 76(11), 5962-5966. 
Iuvone, P., Tigges, M., Stone, R., Lambert, S., & Laties, A. (1991). Effects of 
apomorphine, a dopamine receptor agonist, on ocular refraction and axial 
elongation in a primate model of myopia. Investigative Ophthalmology & 
Visual Science, 32(5), 1674-1677. 
Jackson, G. R., & Owsley, C. (2000). Scotopic sensitivity during adulthood. Vision 
Research, 40(18), 2467-2473. 
Jackson, G. R., Owsley, C., & McGwin, G. (1999). Aging and dark adaptation. 
Vision Research, 39(23), 3975-3982. 
Jonas, J. B., Nguyen, X. N., & Naumann, G. O. (1989). Parapapillary retinal vessel 
diameter in normal and glaucoma eyes. I. Morphometric data. Investigative 
Ophthalmology & Visual Science, 30(7), 1599-1603. 
Joo, H. R., Peterson, B. B., Dacey, D. M., Hattar, S., & Chen, S.-K. (2013). 
Recurrent axon collaterals of intrinsically photosensitive retinal ganglion 
cells. Visual Neuroscience, 30(04), 175-182. 
Joyce, D. S., Feigl, B., Cao, D., & Zele, A. J. (2015). Temporal characteristics of 
melanopsin inputs to the human pupil light reflex. Vision Research, 107, 58-
66. 
Joyce, D. S., Feigl, B., & Zele, A. J. (2016a). The effects of short-term light 
adaptation on the human post-illumination pupil response. Investigative 
Ophthalmology & Visual Science, 57(13), 5672-5680. 
Joyce, D. S., Feigl, B., & Zele, A. J. (2016b). Melanopsin-mediated post-illumination 
pupil response in the peripheral retina. Journal of Vision, 16(8), 1-15. 
Ju, W.-K., Kim, K.-Y., Lindsey, J. D., Angert, M., Duong-Polk, K. X., Scott, R. T., 
Kim, J. J., Kukhmazov, I., Ellisman, M. H., & Perkins, G. A. (2008). 
Intraocular pressure elevation induces mitochondrial fission and triggers 
OPA1 release in glaucomatous optic nerve. Investigative Ophthalmology & 
Visual Science, 49(11), 4903-4911. 
Junfeng, M., Shuangzhen, L., Wenjuan, Q., Fengyun, L., Xiaoying, W., & Qian, T. 
(2010). Levodopa inhibits the development of form-deprivation myopia in 
guinea pigs. Optometry & Vision Science, 87(1), 53-60. 
Jusuf, P. R., Lee, S., & Grünert, U. (2004). Synaptic connectivity of the diffuse 
bipolar cell type DB6 in the inner plexiform layer of primate retina. Journal 
of Comparative Neurology, 469(4), 494-506. 
  
References 151 
Jusuf, P. R., Lee, S., Hannibal, J., & Grünert, U. (2007). Characterization and 
synaptic connectivity of melanopsin‐containing ganglion cells in the primate 
retina. European Journal of Neuroscience, 26(10), 2906-2921. 
Kalaboukhova, L., Fridhammar, V., & Lindblom, B. (2007). Relative afferent 
pupillary defect in glaucoma: A pupillometric study. Acta Ophthalmologica 
Scandinavica, 85(5), 519-525. 
Kamal, D., Viswanathan, A., Garway-Heath, D., Hitchings, R., Poinoosawmy, D., & 
Bunce, C. (1999). Detection of optic disc change with the Heidelberg retina 
tomograph before confirmed visual field change in ocular hypertensives 
converting to early glaucoma. British Journal of Ophthalmology, 83(3), 290-
294. 
Kanamori, A., Nakamura, M., Escano, M. F., Seya, R., Maeda, H., & Negi, A. 
(2003). Evaluation of the glaucomatous damage on retinal nerve fiber layer 
thickness measured by optical coherence tomography. American Journal of 
Ophthalmology, 135(4), 513-520. 
Kankipati, L., Girkin, C. A., & Gamlin, P. D. (2010). Post-illumination pupil 
response in subjects without ocular disease. Investigative Ophthalmology & 
Visual Science, 51(5), 2764-2769. 
Kankipati, L., Girkin, C. A., & Gamlin, P. D. (2011). The post-illumination pupil 
response is reduced in glaucoma patients. Investigative Ophthalmology & 
Visual Science, 52(5), 2287-2292. 
Kardon, R., Anderson, S. C., Damarjian, T. G., Grace, E. M., Stone, E., & Kawasaki, 
A. (2009). Chromatic pupil responses: Preferential activation of the 
melanopsin-mediated versus outer photoreceptor-mediated pupil light reflex. 
Ophthalmology, 116(8), 1564-1573. 
Kardon, R., Anderson, S. C., Damarjian, T. G., Grace, E. M., Stone, E., & Kawasaki, 
A. (2011). Chromatic pupillometry in patients with retinitis pigmentosa. 
Ophthalmology, 118(2), 376-381. 
Kardon, R. H. (1998). Drop the Alzheimer's drop test. Neurology, 50(3), 588-591. 
Katz, I., Hubbard, W., Getson, A., & Gould, A. (1976). Intraocular pressure decrease 
in normal volunteers following timolol ophthalmic solution. Investigative 
Ophthalmology & Visual Science, 15(6), 489-492. 
Kawasaki, A., & Kardon, R. H. (2007). Intrinsically photosensitive retinal ganglion 
cells. Journal of Neuro-Ophthalmology, 27(3), 195-204. 
Kawasaki, A., Munier, F. L., Leon, L., & Kardon, R. H. (2012). Pupillometric 
quantification of residual rod and cone activity in Leber congenital 
amaurosis. Archives of Ophthalmology, 130(6), 798-800. 
Kelbsch, C., Maeda, F., Strasser, T., Blumenstock, G., Wilhelm, B., Wilhelm, H., & 
Peters, T. (2016). Pupillary responses driven by ipRGCs and classical 
photoreceptors are impaired in glaucoma. Graefe's Archive for Clinical and 
Experimental Ophthalmology, 1-10. 
Kerrigan–Baumrind, L. A., Quigley, H. A., Pease, M. E., Kerrigan, D. F., & 
Mitchell, R. S. (2000). Number of ganglion cells in glaucoma eyes compared 
with threshold visual field tests in the same persons. Investigative 
Ophthalmology & Visual Science, 41(3), 741-748. 
Kesler, A., Shemesh, G., Rothkoff, L., & Lazar, M. (2004). Effect of brimonidine 
tartrate 0.2% ophthalmic solution on pupil size. Journal of Cataract and 
Refractive Surgery, 30(8), 1707-1710. 
  
References 152 
Landers, J. A., Goldberg, I., & Graham, S. L. (2003). Detection of early visual field 
loss in glaucoma using frequency-doubling perimetry and short-wavelength 
automated perimetry. Archives of Ophthalmology, 121(12), 1705-1710. 
Lanzani, M. F., de Zavalia, N., Fontana, H., Sarmiento, M. I., Golombek, D., & 
Rosenstein, R. E. (2012). Alterations of locomotor activity rhythm and sleep 
parameters in patients with advanced glaucoma. Chronobiology 
International, 29(7), 911-919. 
Laurens, H. (1923). Studies on the relative physiological value of spectral lights. 
American Journal of Physiology--Legacy Content, 64(1), 97-119. 
Lee, S., Hida, A., Tsujimura, S.-i., Morita, T., Mishima, K., & Higuchi, S. (2013). 
Association between melanopsin gene polymorphism (I394T) and pupillary 
light reflex is dependent on light wavelength. Journal of Physiology & 
Anthropology, 32:16. 
Lei, S., Goltz, H. C., Chandrakumar, M., & Wong, A. M. (2014). Full-field 
chromatic pupillometry for the assessment of the postillumination pupil 
response driven by melanopsin-containing retinal ganglion cells. Investigative 
Ophthalmology & Visual Science, 55(7), 4496-4503. 
Lei, S., Goltz, H. C., Chandrakumar, M., & Wong, A. M. (2015). Test-retest 
reliability of hemifield, central-field and full-field chromatic pupillometry for 
assessing the function of melanopsin-containing retinal ganglion cells. 
Investigative Ophthalmology & Visual Science, 56, 1267-1273. 
Leske, M. C. (1983). The epidemiology of open-angle glaucoma: A review. 
American Journal of Epidemiology, 118(2), 166-191. 
Levatin, P. (1959). Pupillary escape in disease of the retina or optic nerve. AMA 
Archives of Ophthalmology, 62(5), 768-779. 
Lewy, A. J. (1980). Light suppresses melatonin secretion in humans. Science, 210, 
1267-1269. 
Li, R. S., Chen, B. Y., Tay, D. K., Chan, H. H., Pu, M. L., & So, K. F. (2006). 
Melanopsin-expressing retinal ganglion cells are more injury-resistant in a 
chronic ocular hypertension model. Investigative Ophthalmology & Visual 
Science, 47(7), 2951-2958. 
Liao, H. W., Ren, X., Peterson, B. B., Marshak, D. W., Yau, K. W., Gamlin, P. D., & 
Dacey, D. M. (2016). Melanopsin‐expressing ganglion cells on macaque and 
human retinas form two morphologically distinct populations. Journal of 
Comparative Neurology, In Press. 
Link, B., Junemann, A., Rix, R., Sembritzki, O., Brenning, A., Korth, M., & Horn, F. 
K. (2006). Pupillographic measurements with pattern stimulation: The pupil's 
response in normal subjects and first measurements in glaucoma patients. 
Investigative Ophthalmology & Visual Science, 47(11), 4947-4955. 
Loewenfeld, I. E. (1966). in Recent Development in Vision Research. National 
Academy of Sciences, National Research Council, Publ. 1272. 
Loewenfeld, I. E. (1999). The Pupil: Anatomy, Physiology and Clinical Applications 
(Vol. 1). Boston: Butterworth-Heinemann. 
Lowenstein, O. (1954). Clinical pupillary symptoms in lesions of the optic nerve, 
optic chiasm, and optic tract. AMA Archives of Ophthalmology, 52(3), 385-
403. 
Lowenstein, O., & Friedman, E. (1942). Pupillographic studies: I. Present state of 
pupillography; its method and diagnostic significance. Archives of 
Ophthalmology, 27(5), 969-993. 
  
References 153 
Lowenstein, O., & Loewenfeld, I. (1959). Influence of retinal adaptation upon the 
pupillary reflex to light in normal man. Part I. Effect of adaptation to bright 
light on the pupillary threshold. American Journal of Ophthalmology, 48, 
536. 
Lowenstein, O., & Loewenfeld, I. E. (1958). Electronic pupillography: A new 
instrument and some clinical applications. AMA Archives of Ophthalmology, 
59(3), 352-363. 
Lowenstein, O., & Loewenfeld, I. E. (1969). The Pupil In H. Davson (Ed.), The Eye 
(2 ed., Vol. 3, pp. 255-337): New York: Academic Press. 
Lucas, R., Hattar, S., Takao, M., Berson, D., Foster, R., & Yau, K.-W. (2003). 
Diminished pupillary light reflex at high irradiances in melanopsin-knockout 
mice. Science, 299(5604), 245-247. 
Lucas, R. J., Douglas, R. H., & Foster, R. G. (2001). Characterization of an ocular 
photopigment capable of driving pupillary constriction in mice. Nature 
Neuroscience, 4(6), 621-626. 
Lucas, R. J., Peirson, S. N., Berson, D. M., Brown, T. M., Cooper, H. M., Czeisler, 
C. A., Figueiro, M. G., Gamlin, P. D., Lockley, S. W., & O’Hagan, J. B. 
(2014). Measuring and using light in the melanopsin age. Trends in 
Neurosciences, 37(1), 1-9. 
Lucassen, P., Hofman, M., & Swaab, D. (1995). Increased light intensity prevents the 
age related loss of vasopressin-expressing neurons in the rat suprachiasmatic 
nucleus. Brain Research, 693(1), 261-266. 
Mangan, B. G., Al‐Yahya, K., Chen, C. T., Gionfriddo, J. R., Powell, C. C., 
Dubielzig, R. R., Ehrhart, E. J., & Madl, J. E. (2007). Retinal pigment 
epithelial damage, breakdown of the blood–retinal barrier, and retinal 
inflammation in dogs with primary glaucoma. Veterinary Ophthalmology, 
10(s1), 117-124. 
Markwell, E. L., Feigl, B., & Zele, A. J. (2010). Intrinsically photosensitive 
melanopsin retinal ganglion cell contributions to the pupillary light reflex and 
circadian rhythm. Clinical & Experimental Optometry, 93(3), 137-149. 
Marshall, J. (1978). Ageing changes in human cones. Acta XXIII Concilium 
Ophthalmologicum (Kyoto), 1, 375-378. 
Marshall, J., Grindle, J., Ansell, P., & Borwein, B. (1979). Convolution in human 
rods: An ageing process. British Journal of Ophthalmology, 63(3), 181-187. 
Martucci, A., Cesareo, M., Napoli, D., Sorge, R. P., Ricci, F., Mancino, R., & Nucci, 
C. (2014). Evaluation of pupillary response to light in patients with 
glaucoma: A study using computerized pupillometry. International 
Ophthalmology, 34(6), 1241-1247. 
Marx-Gross, S., Krummenauer, F., Dick, H. B., & Pfeiffer, N. (2005). Brimonidine 
versus dapiprazole: Influence on pupil size at various illumination levels. 
Journal of Cataract and Refractive Surgery, 31(7), 1372-1376. 
Mathur, A., Gehrmann, J., & Atchison, D. A. (2013). Pupil shape as viewed along 
the horizontal visual field. Journal of Vision, 13(6), 3,1-8. 
Maynard, M. L., Zele, A. J., & Feigl, B. (2015). Melanopsin mediated post-
illumination pupil response in early age-related macular degeneration. 
Investigative Ophthalmology & Visual Science, 56(11), 6906-6913. 
Maynard, M. L., Zele, A. J., Kwan, A. S., & Feigl, B. (2016). Intrinsically 
photosensitive retinal ganglion cell function, sleep efficiency and depression 
in advanced age-related macular degeneration. Under Review. 
  
References 154 
McDonald, J. E., Kotb, A. M. E.-M., & Decker, B. B. (2001). Effect of brimonidine 
tartrate ophthalmic solution 0.2% on pupil size in normal eyes under different 
luminance conditions. Journal of Cataract and Refractive Surgery, 27(4), 
560-564. 
McDougal, D., & Gamlin, P. (2008). Pupillary control pathways. The Senses: A 
Comprehensive Reference, 1, 521-536. 
McDougal, D. H., & Gamlin, P. D. (2010). The influence of intrinsically-
photosensitive retinal ganglion cells on the spectral sensitivity and response 
dynamics of the human pupillary light reflex. Vision Research, 50(1), 72-87. 
Meijer, J. H., Watanabe, K., Schaap, J., Albus, H., & Détári, L. (1998). Light 
responsiveness of the suprachiasmatic nucleus: Long-term multiunit and 
single-unit recordings in freely moving rats. The Journal of Neuroscience, 
18(21), 9078-9087. 
Miller, S., & Thompson, H. (1978). Pupil cycle time in optic neuritis. American 
Journal of Ophthalmology, 85(5 Pt 1), 635. 
Moon, P., & Spencer, D. E. (1944). Visual data applied to lighting design. Journal of 
the Optical Society of America, 34(10), 605-614. 
Moore, R. Y., & Lenn, N. J. (1972). A retinohypothalamic projection in the rat. 
Journal of Comparative Neurology, 146(1), 1-14. 
Moore, R. Y., Speh, J. C., & Patrick Card, J. (1995). The retinohypothalamic tract 
originates from a distinct subset of retinal ganglion cells. Journal of 
Comparative Neurology, 352(3), 351-366. 
Morin, L. P., Blanchard, J. H., & Provencio, I. (2003). Retinal ganglion cell 
projections to the hamster suprachiasmatic nucleus, intergeniculate leaflet, 
and visual midbrain: Bifurcation and melanopsin immunoreactivity. Journal 
of Comparative Neurology, 465(3), 401-416. 
Münch, M., & Kawasaki, A. (2013). Intrinsically photosensitive retinal ganglion 
cells: Classification, function and clinical implications. Current Opinion in 
Neurology, 26(1), 45-51. 
Münch, M., Léon, L., Collomb, S., & Kawasaki, A. (2015). Comparison of acute 
non-visual bright light responses in patients with optic nerve disease, 
glaucoma and healthy controls. Scientific Reports, 5. 
Münch, M., Leon, L., Crippa, S. V., & Kawasaki, A. (2012). Circadian and wake-
dependent effects on the pupil light reflex in response to narrow-bandwidth 
light pulses. Investigative Ophthalmology & Visual Science, 53(8), 4546-
4555. 
Mure, L. S., Rieux, C., Hattar, S., & Cooper, H. M. (2007). Melanopsin-dependent 
nonvisual responses: Evidence for photopigment bistability in vivo. Journal 
of Biological Rhythms, 22(5), 411-424. 
Mutoh, T., Shibata, S., Korf, H. W., & Okamura, H. (2003). Melatonin modulates the 
light‐induced sympathoexcitation and vagal suppression with participation of 
the suprachiasmatic nucleus in mice. The Journal of Physiology, 547(1), 317-
332. 
Nickla, D. L., Totonelly, K., & Dhillon, B. (2010). Dopaminergic agonists that result 
in ocular growth inhibition also elicit transient increases in choroidal 
thickness in chicks. Experimental Eye Research, 91(5), 715-720. 
Nissen, C., Sander, B., Milea, D., Kolko, M., Herbst, K., Hamard, P., & Lund-
Andersen, H. (2014). Monochromatic pupillometry in unilateral glaucoma 
discloses no adaptive changes subserved by the ipRGCs. Frontiers in 
Neurology, 5, 1-5. 
  
References 155 
Nork, T. M., Ver Hoeve, J. N., Poulsen, G. L., Nickells, R. W., Davis, M. D., Weber, 
A. J., Sarks, S. H., Lemley, H. L., & Millecchia, L. L. (2000). Swelling and 
loss of photoreceptors in chronic human and experimental glaucomas. 
Archives of Ophthalmology, 118(2), 235-245. 
Norton, T. T., & Siegwart, J. T. (2013). Light levels, refractive development, and 
myopia – A speculative review. Experimental Eye Research, 114, 48-57. 
Nygaard, R. W., & Frumkes, T. E. (1982). Calibration of the retinal illuminance 
provided by Maxwellian views. Vision Research, 22(4), 433-434. 
Onen, S. H., Mouriaux, F., Berramdane, L., Dascotte, J. C., Kulik, J. F., & Rouland, 
J. F. (2000). High prevalence of sleep-disordered breathing in patients with 
primary open-angle glaucoma. Acta Ophthalmologica Scandinavica, 78(6), 
638-641. 
Parikh, R., Parikh, S., Arun, E., & Thomas, R. (2009). Likelihood ratios: Clinical 
application in day-to-day practice. Indian Journal of Ophthalmology, 57(3), 
217. 
Park, J. C., & McAnany, J. J. (2015). Effect of stimulus size and luminance on the 
rod-, cone-, and melanopsin-mediated pupillary light reflex. Journal of 
Vision, 15(3), 13. 
Park, J. C., Moura, A. L., Raza, A. S., Rhee, D. W., Kardon, R. H., & Hood, D. C. 
(2011). Toward a clinical protocol for assessing rod, cone, and melanopsin 
contributions to the human pupil response. Investigative Ophthalmology & 
Visual Science, 52(9), 6624-6635. 
Pérez-Rico, C., de la Villa, P., Arribas-Gómez, I., & Blanco, R. (2010). Evaluation of 
functional integrity of the retinohypothalamic tract in advanced glaucoma 
using multifocal electroretinography and light-induced melatonin 
suppression. Experimental Eye Research, 91(5), 578-583. 
Phillips, J. R., Collins, A. V., & Backhouse, S. (2012). Myopia, Light and Circadian 
Rhythms: INTECH Open Access Publisher. 
Pickard, G. E., Baver, S. B., Ogilvie, M. D., & Sollars, P. J. (2009). Light-induced 
Fos Expression in intrinsically photosensitive retinal ganglion cells in 
melanopsin knockout (Opn4−/−) mice. PloS ONE, 4(3), e4984. 
Pozzessere, G., Valle, E., Rossi, P., Petrucci, B., Ambrosini, A., D’Alessio, M., 
Pierelli, F., & Giacomini, P. (1996). Pupillometric evaluation and analysis of 
light reflex in healthy subjects as a tool to study autonomic nervous system 
changes with aging. Aging Clinical and Experimental Research, 8(1), 55-60. 
Protection, I. C. o. N.-I. R. (2004). Guidelines on limits of exposure to ultraviolet 
radiation of wavelengths between 180 nm and 400 nm (incoherent optical 
radiation). Health Physics, 87(2), 171-186. 
Provencio, I., Jiang, G., Willem, J., Hayes, W. P., & Rollag, M. D. (1998). 
Melanopsin: An opsin in melanophores, brain, and eye. Proceedings of the 
National Academy of Sciences, 95(1), 340-345. 
Provencio, I., Rodriguez, I. R., Jiang, G., Hayes, W. P., Moreira, E. F., & Rollag, M. 
D. (2000). A novel human opsin in the inner retina. The Journal of 
Neuroscience, 20(2), 600-605. 
Provencio, I., Rollag, M. D., & Castrucci, A. M. (2002). Anatomy: Photoreceptive 
net in the mammalian retina. Nature, 415(6871), 493-493. 
Quigley, H. A. (2011). Glaucoma. Lancet, 377, 1367-1377. 
Quigley, H. A., Addicks, E. M., Green, W. R., & Maumenee, A. (1981). Optic nerve 
damage in human glaucoma: II. The site of injury and susceptibility to 
damage. Archives of Ophthalmology, 99(4), 635-649. 
  
References 156 
Quigley, H. A., & Broman, A. T. (2006). The number of people with glaucoma 
worldwide in 2010 and 2020. British Journal of Ophthalmology, 90(3), 262-
267. 
Quigley, H. A., Dunkelberger, G. R., & Green, W. R. (1989). Retinal ganglion cell 
atrophy correlated with automated perimetry in human eyes with glaucoma. 
American Journal of Ophthalmology, 107(5), 453-464. 
Quigley, H. A., McKinnon, S. J., Zack, D. J., Pease, M. E., Kerrigan–Baumrind, L. 
A., Kerrigan, D. F., & Mitchell, R. S. (2000). Retrograde axonal transport of 
BDNF in retinal ganglion cells is blocked by acute IOP elevation in rats. 
Investigative Ophthalmology & Visual Science, 41(11), 3460-3466. 
Reed, G. F., Lynn, F., & Meade, B. D. (2002). Use of coefficient of variation in 
assessing variability of quantitative assays. Clinical and Diagnostic 
Laboratory Immunology, 9(6), 1235-1239. 
Roberts, D., Killiany, R., & Rosene, D. (2012). Neuron numbers in the hypothalamus 
of the normal aging rhesus monkey: Stability across the adult lifespan and 
between the sexes. Journal of Comparative Neurology, 520(6), 1181-1197. 
Robinson, F., Riva, C. E., Grunwald, J. E., Petrig, B. L., & Sinclair, S. H. (1986). 
Retinal blood flow autoregulation in response to an acute increase in blood 
pressure. Investigative Ophthalmology & Visual Science, 27(5), 722-726. 
Robinson, G., & Madison, R. (2004). Axotomized mouse retinal ganglion cells 
containing melanopsin show enhanced survival, but not enhanced axon 
regrowth into a peripheral nerve graft. Vision Research, 44(23), 2667-2674. 
Rochowicz Jr, J. A. (2010). Bootstrapping analysis, inferential statistics and EXCEL. 
Spreadsheets in Education (eJSiE), 4(3), 1-23. 
Roecklein, K. A., Rohan, K. J., Duncan, W. C., Rollag, M. D., Rosenthal, N. E., 
Lipsky, R. H., & Provencio, I. (2009). A missense variant (P10L) of the 
melanopsin (OPN4) gene in seasonal affective disorder. Journal of Affective 
Disorders, 114(1), 279-285. 
Roecklein, K. A., Wong, P., Ernecoff, N., Miller, M., Donofry, S., Kamarck, M., 
Wood-Vasey, W. M., & Franzen, P. (2013). The post illumination pupil 
response is reduced in seasonal affective disorder. Psychiatry Research, 
210(1), 150-158. 
Roecklein, K. A., Wong, P. M., Franzen, P. L., Hasler, B. P., Wood-Vasey, W. M., 
Nimgaonkar, V. L., Miller, M. A., Kepreos, K. M., Ferrell, R. E., & Manuck, 
S. B. (2012). Melanopsin gene variations interact with season to predict sleep 
onset and chronotype. Chronobiology International, 29(8), 1036-1047. 
Rohrer, B., Spira, A. W., & Stell, W. K. (1993). Apomorphine blocks form-
deprivation myopia in chickens by a dopamine D 2-receptor mechanism 
acting in retina or pigmented epithelium. Visual Neuroscience, 10(03), 447-
453. 
Rose, K. A., Morgan, I. G., Ip, J., Kifley, A., Huynh, S., Smith, W., & Mitchell, P. 
(2008). Outdoor activity reduces the prevalence of myopia in children. 
Ophthalmology, 115(8), 1279-1285. 
Ruby, N. F., Brennan, T. J., Xie, X., Cao, V., Franken, P., Heller, H. C., & O'Hara, 
B. F. (2002). Role of melanopsin in circadian responses to light. Science, 
298(5601), 2211-2213. 
Rukmini, A. V., Milea, D., Baskaran, M., How, A. C., Perera, S. A., Aung, T., & 
Gooley, J. J. (2015). Pupillary responses to high-irradiance blue light 
correlate with glaucoma severity. Ophthalmology, 122(9), 1777-1785. 
  
References 157 
Sabates, F. N., Vincent, R. D., Koulen, P., Sabates, N. R., & Gallimore, G. (2011). 
Normative data set identifying properties of the macula across age groups: 
Integration of visual function and retinal structure with microperimetry and 
spectral-domain optical coherence tomography. Retina, 31(7), 1294-1302. 
Sackett, D. L., Haynes, R. B., & Tugwell, P. (1985). Clinical Epidemiology: A Basic 
Science for Clinical Medicine: Little, Brown and Company. 
Sand, A., Schmidt, T. M., & Kofuji, P. (2012). Diverse types of ganglion cell 
photoreceptors in the mammalian retina. Progress in Retinal and Eye 
Research, 31(4), 287-302. 
Schiefer, U., Dietzsch, J., Dietz, K., Wilhelm, B., Bruckmann, A., Wilhelm, H., 
Kitiratschky, V., & Januschowski, K. (2012). Associating the magnitude of 
relative afferent pupillary defect (RAPD) with visual field indices in 
glaucoma patients. British Journal of Ophthalmology, 96(5), 629-633. 
Schmidt, T. M., Chen, S.-K., & Hattar, S. (2011a). Intrinsically photosensitive retinal 
ganglion cells: many subtypes, diverse functions. Trends in Neurosciences, 
34(11), 572-580. 
Schmidt, T. M., Do, M. T. H., Dacey, D., Lucas, R., Hattar, S., & Matynia, A. 
(2011b). Melanopsin-positive intrinsically photosensitive retinal ganglion 
cells: From form to function. The Journal of Neuroscience, 31(45), 16094-
16101. 
Schmidt, T. M., & Kofuji, P. (2009). Functional and morphological differences 
among intrinsically photosensitive retinal ganglion cells. The Journal of 
Neuroscience, 29(2), 476-482. 
Schmidt, T. M., Taniguchi, K., & Kofuji, P. (2008). Intrinsic and extrinsic light 
responses in melanopsin-expressing ganglion cells during mouse 
development. Journal of Neurophysiology, 100(1), 371-384. 
Sekaran, S., Lupi, D., Jones, S., Sheely, C., Hattar, S., Yau, K.-W., Lucas, R., Foster, 
R., & Hankins, M. (2005). Melanopsin-dependent photoreception provides 
earliest light detection in the mammalian retina. Current Biology, 15(12), 
1099-1107. 
Shah, V. P., Midha, K. K., Findlay, J. W., Hill, H. M., Hulse, J. D., McGilveray, I. J., 
McKay, G., Miller, K. J., Patnaik, R. N., & Powell, M. L. (2000). 
Bioanalytical method validation—A revisit with a decade of progress. 
Pharmaceutical Research, 17(12), 1551-1557. 
Siegwart Jr, J. T., Ward, A. H., & Norton, T. T. (2012). Moderately elevated 
fluorescent light levels slow form deprivation and minus lens-induced myopia 
development in tree shrews. Investigative Ophthalmology & Visual Science, 
53(14), 3457-3457. 
Smith III, E. L., Hung, L.-F., & Huang, J. (2012). Protective effects of high ambient 
lighting on the development of form-deprivation myopia in rhesus monkeys. 
Investigative Ophthalmology & Visual Science, 53(1), 421-428. 
Smith, S. A., Ellis, C. J., & Smith, S. E. (1979). Inequality of the direct and 
consensual light reflexes in normal subjects. British Journal of 
Ophthalmology, 63(7), 523-527. 
Sollars, P. J., Smeraski, C. A., Kaufman, J. D., Ogilvie, M. D., Provencio, I., & 
Pickard, G. E. (2003). Melanopsin and non-melanopsin expressing retinal 
ganglion cells innervate the hypothalamic suprachiasmatic nucleus. Visual 
Neuroscience, 20(06), 601-610. 
Spaeth, G. L., Henderer, J., Liu, C., Kesen, M., Altangerel, U., Bayer, A., Katz, L. J., 
Myers, J., Rhee, D., & Steinmann, W. (2002). The disc damage likelihood 
  
References 158 
scale: Reproducibility of a new method of estimating the amount of optic 
nerve damage caused by glaucoma. Transactions of the American 
Ophthalmological Society, 100, 181. 
Spry, P. G., & Johnson, C. A. (2001). Senescent changes of the normal visual field: 
An age-old problem. Optometry and Vision Science, 78(6), 436-441. 
Stanley, P. A., & Davies, A. K. (1995). The effect of field of view size on steady-
state pupil diameter. Ophthalmic & Physiological Optics, 15(6), 601-603. 
Stark, L., & Sherman, P. M. (1957). A servoanalytic study of consensual pupil reflex 
to light. Journal of Neurophysiology, 20, 17-26. 
Steinman, R. M., Haddad, G. M., Skavenski, A. A., & Wyman, D. (1973). Miniature 
eye movement. Science, 181(4102), 810-819. 
Stiles, W. (1959). Color vision: The approach through increment-threshold 
sensitivity. Proceedings of the National Academy of Sciences, 45(1), 100-114. 
Stone, R. A., Lin, T., Laties, A. M., & Iuvone, P. M. (1989). Retinal dopamine and 
form-deprivation myopia. Proceedings of the National Academy of Sciences, 
86(2), 704-706. 
Sung, K. R., Wollstein, G., Bilonick, R. A., Townsend, K. A., Ishikawa, H., 
Kagemann, L., Noecker, R. J., Fujimoto, J. G., & Schuman, J. S. (2009). 
Effects of age on optical coherence tomography measurements of healthy 
retinal nerve fiber layer, macula, and optic nerve head. Ophthalmology, 
116(6), 1119-1124. 
Takahashi, J. S., DeCoursey, P. J., Bauman, L., & Menaker, M. (1984). Spectral 
sensitivity of a novel photoreceptive system mediating entrainment of 
mammalian circadian rhythms. Nature, 308, 186-188. 
Tatham, A. J., Meira-Freitas, D., Weinreb, R. N., Zangwill, L. M., & Medeiros, F. A. 
(2014). Detecting glaucoma using automated pupillography. Ophthalmology, 
121(6), 1185-1193. 
Thompson, H. S. (1966). Afferent pupillary defects: Pupillary findings associated 
with defects of the afferent arm of the pupillary light reflex arc. American 
Journal of Ophthalmology, 62(5), 860-873. 
Thompson, H. S., Corbett, J. J., & Cox, T. A. (1981). How to measure the relative 
afferent pupillary defect. Survey of Ophthalmology, 26(1), 39-42. 
Tournay. (1921). In Loewenfeld, 1999, The Pupil: Anatomy, Physiology, and 
Clinical Applications. 
Troland, L. T. (1915). The theory and practice of the artificial pupil. Psychological 
Review, 22(3), 167. 
Tsika, C., Crippa, S. V., & Kawasaki, A. (2015). Differential monocular vs. 
binocular pupil responses from melanopsin-based photoreception in patients 
with anterior ischemic optic neuropathy. Scientific Reports, 5, 10780. 
Tsujimura, S.-i., Ukai, K., Ohama, D., Nuruki, A., & Yunokuchi, K. (2010). 
Contribution of human melanopsin retinal ganglion cells to steady-state pupil 
responses. Proceedings of the Royal Society B: Biological Sciences, 
277(1693), 2485-2492. 
Tsujimura, S. i., & Tokuda, Y. (2011). Delayed response of human melanopsin 
retinal ganglion cells on the pupillary light reflex. Ophthalmic & 
Physiological Optics, 31(5), 469-479. 
Velten, I. M., Korth, M., & Horn, F. K. (2001). The a-wave of the dark adapted 
electroretinogram in glaucomas: Are photoreceptors affected? British Journal 
of Ophthalmology, 85(4), 397-402. 
  
References 159 
Vidal-Sanz, M., Valiente-Soriano, F. J., Ortín-Martínez, A., Nadal-Nicolás, F. M., 
Jiménez-López, M., Salinas-Navarro, M., Alarcón-Martínez, L., García-
Ayuso, D., Avilés-Trigueros, M., & Agudo-Barriuso, M. (2015). Retinal 
neurodegeneration in experimental glaucoma. Progress in Brain Research, 
220, 1-35. 
Vohra, R., Tsai, J. C., & Kolko, M. (2013). The role of inflammation in the 
pathogenesis of glaucoma. Survey of Ophthalmology, 58(4), 311-320. 
Volpe, N. J., Plotkin, E. S., Maguire, M. G., Hariprasad, R., & Galetta, S. L. (2000). 
Portable pupillography of the swinging flashlight test to detect afferent 
pupillary defects. Ophthalmology, 107(10), 1913-1921. 
Vugler, A., Semo, M., Ortín-Martínez, A., Rojanasakul, A., Nommiste, B., Valiente-
Soriano, F., García-Ayuso, D., Coffey, P., Vidal-Sanz, M., & Gias, C. (2015). 
A role for the outer retina in development of the intrinsic pupillary light 
reflex in mice. Neuroscience, 286, 60-78. 
Vugler, A. A., Semo, M. a., Joseph, A., & Jeffery, G. (2008). Survival and 
remodeling of melanopsin cells during retinal dystrophy. Visual 
Neuroscience, 25(02), 125-138. 
Wang, H.-z., Lu, Q.-j., Wang, N.-l., Liu, H., Zhang, L., & Zhan, G.-l. (2008). Loss of 
melanopsin-containing retinal ganglion cells in a rat glaucoma model. 
Chinese Medical Journal (English Edition), 121(11), 1015-1019. 
Wang, Y., Zhao, K., Jin, Y., Niu, Y., & Zuo, T. (2003). Changes of higher order 
aberration with various pupil sizes in the myopic eye. Journal of Refractive 
Surgery, 19(2; SUPP), S270-S274. 
Webster, J. G. (1969). Critical duration for the pupillary light reflex. Journal of the 
Optical Society of America, 59(11), 1473-1478. 
Wensor, M., McCarty, C. A., & Taylor, H. R. (1999). Prevalence and risk factors of 
myopia in Victoria, Australia. Archives of Ophthalmology, 117(5), 658-663. 
Westheimer, G. (1966). The Maxwellian view. Vision Research, 6(11), 669-682. 
Whiting, R. E., Yao, G., Narfström, K., Pearce, J. W., Coates, J. R., Dodam, J. R., 
Castaner, L. J., & Katz, M. L. (2013). Quantitative assessment of the canine 
pupillary light reflex. Investigative Ophthalmology & Visual Science, 54(8), 
5432-5440. 
Winn, B., Whitaker, D., Elliott, D. B., & Phillips, N. J. (1994). Factors affecting 
light-adapted pupil size in normal human subjects. Investigative 
Ophthalmology & Visual Science, 35(3), 1132-1137. 
Wong, K. Y. (2012). A retinal ganglion cell that can signal irradiance continuously 
for 10 hours. The Journal of Neuroscience, 32(33), 11478-11485. 
Wong, K. Y., Dunn, F. A., & Berson, D. M. (2005). Photoreceptor adaptation in 
intrinsically photosensitive retinal ganglion cells. Neuron, 48(6), 1001-1010. 
Wong, K. Y., Dunn, F. A., Graham, D. M., & Berson, D. M. (2007). Synaptic 
influences on rat ganglion‐cell photoreceptors. The Journal of Physiology, 
582(1), 279-296. 
Woodward, D., Krauss, A.-P., Chen, J., Lai, R., Spada, C., Burk, R., Andrews, S., 
Shi, L., Liang, Y., & Kedzie, K. (2001). The pharmacology of bimatoprost 
(Lumigan™). Survey of Ophthalmology, 45, S337-S345. 
Young, R. S., & Kimura, E. (2008). Pupillary correlates of light-evoked melanopsin 
activity in humans. Vision Research, 48(7), 862-871. 
Zangwill, L. M., Bowd, C., Berry, C. C., Williams, J., Blumenthal, E. Z., Sánchez-
Galeana, C. A., Vasile, C., & Weinreb, R. N. (2001). Discriminating between 
normal and glaucomatous eyes using the Heidelberg retina tomograph, GDx 
  
References 160 
nerve fiber analyzer, and optical coherence tomograph. Archives of 
Ophthalmology, 119(7), 985-993. 
Zele, A. J., & Cao, D. (2014). Vision under mesopic and scotopic illumination. 
Frontiers in Psychology, 5:1594, 1-15. 
Zele, A. J., Feigl, B., Smith, S. S., & Markwell, E. L. (2011). The circadian response 
of intrinsically photosensitive retinal ganglion cells. PloS ONE, 6(3), e17860. 
Zhang, Q., Vuong, H., Huang, X., Wang, Y., Brecha, N. C., Pu, M., & Gao, J. 
(2013). Melanopsin-expressing retinal ganglion cell loss and behavioral 
analysis in the Thy1-CFP-DBA/2J mouse model of glaucoma. Science China 
Life Sciences, 56(8), 720-730. 
Zhao, X., Pack, W., Khan, N. W., & Wong, K. Y. (2016). Prolonged Inner Retinal 
Photoreception Depends on the Visual Retinoid Cycle. The Journal of 
Neuroscience, 36(15), 4209-4217. 
Zimmerman, T. J., & Kaufman, H. E. (1977). Timolol: A β-adrenergic blocking 
agent for the treatment of glaucoma. Archives of Ophthalmology, 95(4), 601-
604. 
 
 
  
 Appendices 161 
Chapter 9: Appendices  
9.1 VARAIBILITY OF THE NET PIPR METRICS 
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Figure 9.1. Intra- and inter-individual coefficient of variation (CV) of the net 
PIPR metrics 
Intra-individual (upper two rows) and inter-individual (lower two rows) coefficient of variation (CV) 
of the net PIPR metrics for short wavelength stimuli. The CVs for long wavelength stimuli (not 
shown) were similar. The traces joined by squares, triangles, and circles represent the data for 1 s,    
10 s, and 30 s pulses in all panels. The data points with a CV > 1.0 are not shown. 
  
Appendices 162 
9.2 SLEEP QUALITY PARAMETERS  
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Figure 9.2. PSQI parameters  
Pittsburgh Sleep Quality Index (PSQI) parameters in the Experiment 3 participants, controls (n = 21), 
glaucoma suspects (n = 12), early glaucoma patients (n = 22), and late glaucoma patients (n = 12). 
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9.3 RELATIONSHIP BETWEEN P10L AND SLEEP PARAMETERS 
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Figure 9.3. P10L alleles and PSQI parameters 
Pittsburgh Sleep Quality Index (PSQI) parameters in the Experiment 3 participants with CC, CT, and 
TT alleles of P10L single nucleotide polymorphism (SNP) of melanopsin (OPN4) gene. 
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9.4 EXPERIMENT 1 (CHAPTER 4) PUBLICATION 
Adhikari, P., Zele, A. J., & Feigl, B. (2015). The post-illumination pupil response 
(PIPR). Investigative Ophthalmology & Visual Science, 56(6), 3838-3849. 
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9.5 EXPERIMENT 2 (CHAPTER 5) PUBLICATION 
Adhikari, P., Pearson, C. A., Anderson, A. M., Zele, A. J., & Feigl, B. (2015). Effect 
of age and refractive error on the melanopsin mediated post-illumination pupil 
response (PIPR). Scientific Reports, 5, 17610.
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9.6 EXPERIMENT 3 (CHAPTER 6) PUBLICATION 
Adhikari, P., Zele, A. J., Thomas, R., & Feigl, B. (2016). Quadrant field 
pupillometry detects melanopsin dysfunction in glaucoma suspects and early 
glaucoma. Scientific Reports, 6, 33373. 
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